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Power system phenomena can be characterized into three types according to
their time scales. Firstly, electromagnetic transient phenomena, such as the effects of
capacitor switching and lightning strikes, have a time scale range of microseconds to
milliseconds. Secondly, electromechanical transient phenomena, such as short-circuit
faults on distribution circuits and inertial and frequency response of the power sys-
tem, have a time scale in the order of hundreds of milliseconds to tens of seconds.
Lastly, quasi-steady-state phenomena, such as voltage regulation, voltage unbalance,
and wind speed and solar irradiance variation, have a time scale of several minutes
and longer. Currently, because the time scales of these phenomena vary greatly from
fractions of cycles to a few hours, only power system simulation tools for specific time
scales are available.
The objective of this research is to develop an integrated distribution circuit
multi-time-scale simulation tool designed specifically for applications in wind turbine
and photovoltaic (PV) integration analysis. This research contributes a multi-time-
scale simulation tool for analysis and control of voltage regulation due to the variabil-
ity of wind speed, solar irradiance, and load consumption, determining the maximum
penetration of wind turbines and PVs, and sizing of energy storage for peak load
shaving and power variability control.
vii
The proposed multi-time-scale simulation tool developed in MATLABTM in-
cludes several distribution circuit components such as voltage sources, distribution
lines, transformers, loads, capacitor banks, wind turbines, and PVs. Each equipment
model in the proposed simulation tool consists of three models in different time scales,
i.e., steady-state, electromechanical transient, and electromagnetic transient models.
Therefore, the proposed tool is able to perform a long-term simulation involving
power system phenomena spreading across time scales. Because distribution circuits
are usually unbalanced, the proposed tool employs distribution circuit models with all
three phases represented. The test circuit used to demonstrate the multi-time-scale
simulation approach is the IEEE four-node test feeder with wind turbines and PVs
connected at the feeder end. The results show that the proposed multi-time-scale
simulation tool is able to simulate and analyze long-term power system phenomena
spreading across time scales.
viii
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Chapter 1
Introduction
1.1 Background and Motivation
Increasing penetration of renewable energy sources such as wind and solar
raises concerns regarding their impacts on a power system. Although wind and solar
power generation can reduce peak load demand and losses in a distribution circuit [1],
these renewable energy sources may cause problems in a circuit such as voltage reg-
ulation [1–7], flicker [6, 8, 9], reverse power flow [1, 10], short-circuit current contri-
bution [5, 6, 11–16], protection coordination [5], capacitor switching transients, and
harmonics distortion [5, 6, 17–23].
Power system simulation programs have been employed to study and ana-
lyze the potential impacts of wind turbines and photovoltaics (PVs) to ensure that
these renewable energy sources comply with interconnection standards such as ANSI
C84.1-2011 [24], IEEE Std. 929-2000 [25], IEEE Std. 1021-1998 [26], and IEEE Std.
1547-2003 [27]. Simulation programs can help evaluate power quality phenomena such
as voltage regulation, fault study, switching transients, and harmonics analysis. The
simulation tool can also be used to perform the feasibility studies of operating wind
turbines and PVs in a distribution system [28,29], analyze the stability of a distribu-
tion system with wind and solar power [30–32], determine the maximum penetration
or hosting capacity of wind turbines and PVs [33–36], evaluate the performance of
wind turbine and PV control methods [37–40], and investigate the effects of energy
storage systems [41–43] and reactive power sources such as capacitor banks, static var
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compensators (SVCs), static synchronous compensators (STATCOMs) [41,44,45], and
dynamic voltage restorers (DVRs) [46] to a distribution system having wind and PV
generators.
Since the time scales of power system phenomena range from fractions of cycles
to a few hours, only simulation tools for specific time scales are available. Therefore,
the existing simulation tools are not capable of evaluating power system phenomena
spreading across time scales. The motivation of this research is to improve power sys-
tem simulation tools to allow power system analysis involving phenomena spreading
across time scales.
The following section describes the background on power system phenomena
and the state-of-the-art in power system simulation.
1.1.1 Power System Phenomena
Phenomena in power systems can be classified according to their time scales
into three types: electromagnetic transient, electromechanical transient, and quasi-
steady-state phenomena. Typical time scales of power system phenomena are shown
in Fig. 1.1 [47].
Electromagnetic transient phenomena, such as effects of capacitor switching
and lightning strikes on voltage and current, usually have a time scale in the range
of microseconds to milliseconds. These phenomena involve energy exchange between
electric and magnetic fields (inductors and capacitors) in the power system. There-
fore, electric equipment, such as lines, transformers, capacitor banks, and generator
windings, have to be modeled in detail, i.e., the effect of inductors and capacitors
in transient conditions must be included. However, the dynamics of the mechanical
systems of electromechanical machines, e.g., inertia of generators and motors, have
2
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Figure 1.1: Time scales of power system phenomena
much longer time scales and may be neglected.
Electromechanical transient phenomena, such as effects of short-circuit faults,
transient stability, inertial response, and frequency response, have a time scale from
hundreds of milliseconds up to tens of seconds. Electromechanical transient phe-
nomena usually involve energy exchange between electrical and mechanical systems
(inductors, capacitors, and inertia) caused by a mismatch between power generation
and consumption. Thus, the electromechanical components, e.g., generator and mo-
tor inertia, in the power system have to be modeled in great detail, i.e., the dynamics
of rotating mass in electrical machines must be included. The models may neglect the
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dynamics associating to electromagnetic transients in lines, transformers, capacitor
banks, and stators of electrical machines.
Quasi-steady-state phenomena, such as voltage regulation, flicker, voltage un-
balance, and wind speed, solar irradiance, and load demand variation, have a time
scale of several minutes or longer. These phenomena are simulated by steady-state
models disregarding all dynamics, both electromagnetic and electromechanical, of the
power systems.
1.1.2 Power System Simulation Tools
Power system simulation tools can be classified into three types according to
the time scales of power system phenomena, i.e., steady-state, electromechanical tran-
sient, and electromagnetic transient simulation tools.
Electromagnetic transient simulation tools are designed to simulate the dy-
namics of electric and magnetic fields. Since the time scales of electromagnetic tran-
sient phenomena are relatively short, i.e., from microseconds to milliseconds, com-
plete models of electric equipment, such as lines, transformers, and capacitor banks,
are employed. However, the dynamics of the mechanical systems, which have much
longer time scales, may be neglected. The electromagnetic transient simulation tools
are developed based on the electromagnetic transient program (EMTP) [48,49]. The
simulations are performed in a time domain, and the results are instantaneous val-
ues. These tools can be used to study the effects of capacitor switching and lightning
strikes.
Electromechanical transient simulation tools are designed to simulate the dy-
namics of electrical and mechanical components of power systems, whose time scale
is from a few seconds up to a few minutes. Any state variables that do not affect
the behavior of the circuits in electromechanical transient conditions, such as tran-
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sients in lines, transformers, and stator windings of electrical machines, are neglected.
The electromechanical transient simulation tools are frequency-domain tools, which
output results in the form of fundamental frequency magnitudes and phase angles.
These tools can be used to study the stability of power systems. Hence, the tools are
referred to as transient stability programs.
Steady-state simulation tools are designed to simulate quasi-steady-state phe-
nomena in power systems. The time scale of these phenomena is several minutes or
longer, so all derivative terms in the equations of the models can be neglected. Like
the electromechanical transient tools, the steady-state tools are frequency-domain
tools. These tools can be used to study voltage regulation, flicker, voltage unbalance,
and wind and solar power variation. The most well-known approach for quasi-steady-
state simulation is power-flow or load-flow programs. Although electromagnetic and
electromechanical transient simulation tools are also able to simulate quasi-steady-
state phenomena, the simulations take a long time to reach steady-state conditions.
Currently, since the time scales of each type of power system phenomena vary
greatly from fractions of cycles up to a few hours, only simulation tools specific to
each type of phenomena exist. These single-time-scale simulation tools have draw-
backs because they can only simulate power system phenomena corresponding to their
time scales.
PSCAD/EMTDCTM [50,51] is a simulation tool designed specifically for elec-
tromagnetic transient simulations. PSCAD (Power Systems Computer Aided Design)
is a graphical user interface to EMTDC (Electromagnetic Transients including DC)
solver. EMTDC is used to solve differential equations in a time domain with a fixed
time step. The solution approach used in EMTDC are based on EMTP approach. Al-
though the simulation results are instantaneous values, the program can convert the
results to a phasor form (magnitudes and phase angles). PSCAD/EMTDCTM can
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also perform electromechanical transient and quasi-steady-state simulations. How-
ever, the time step is small because the electrical equipment such as inductors and
capacitors are modeled in details. As a result, the simulation time is long.
OpenDSSTM [52] is a simulation tool designed specifically for quasi-steady-
state simulations. OpenDSSTM classifies power system elements into two groups, i.e.,
power delivery and power conversion elements. Power delivery elements deliver elec-
trical power from one group of terminals to another group of terminals of the elements,
while power conversion elements convert electrical power to another form of power or
vice versa. OpenDSSTM represents power delivery elements by impedances (frequency
domain) in a nodal admittance matrix and represents power conversion elements by
current source models. Iteration methods are used to solve the equations. Although
OpenDSSTM is not designed specifically for electromechanical transient simulations,
it can perform basic electromechanical transient analysis. However, OpenDSSTM is
not able to perform electromagnetic transient simulations.
DIgSILENT PowerFactoryTM [53] is a simulation tool for electromagnetic tran-
sient, electromechanical transient, and quasi-steady-state simulations. This program
consists of two major simulation tools. The first tool developed by using a time-
domain approach is used for electromagnetic transient simulations. The second tool
developed by using a frequency-domain approach is used for electromechanical tran-
sient and quasi-steady-state simulations. Although DIgSILENT PowerFactoryTM is
able to simulate power system phenomena in all three time scales, this program can
only simulate power system phenomena in their individual time scale, i.e., it cannot
simulate power system phenomena spreading across time scales.
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1.2 Contributions
This research contributes a multi-time-scale simulation tool for analyzing dis-
tribution circuits including wind generators and PV panels. The proposed multi-
time-scale simulation tool developed in MATLABTM consists of models for typical
distribution circuit equipment such as voltage sources, distribution lines, transform-
ers, loads, and capacitor banks. Since distribution circuits are usually unbalanced
due to single-phase loads and single-phase circuits in the systems, the proposed tool
employs full circuit models with all three phases represented. In order to evaluate the
impacts of renewable energy sources, the proposed simulation tool also has models of
wind turbines and PVs.
Each equipment model in the proposed multi-time-scale simulation tool con-
sists of three single-time-scale models in different time scales, i.e., steady-state, elec-
tromechanical transient, and electromagnetic transient models. Therefore, the pro-
posed tool is able to perform a long-term simulation and evaluate power system phe-
nomena spreading across time scales. The single-time-scale models are pre-selected
according to the types of each disturbance occur in the distribution circuit before
the simulation starts. When quasi-steady-state phenomena occur, the simulation is
performed by using the steady-state model. When electromechanical transient phe-
nomena occur, the proposed simulation tool employs the electromagnetic transient
model to perform a simulation in an electromechanical transient period. As soon as
the transient vanishes and the power system reaches a steady-state condition, the sim-
ulation tool switches back to the steady-state model. When electromagnetic transient
phenomena occur, the proposed tool switches to the electromagnetic transient model
to simulate the distribution circuit in an electromagnetic transient condition. After
the circuit reaches a steady-state condition, the steady-state model is used again.
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Note that in order to smoothly switch from one model to another model, the volt-
ages and currents of all circuit elements must be the same before and after switching.
Thus, the proposed multi-time-scale simulation tool only switches when the circuit
is in a steady-state condition with no existing electromechanical or electromagnetic
transient dynamics.
The specific objectives of this research are to develop the interface between
the typical distribution circuit equipment and the renewable energy sources, i.e., wind
turbines and PVs, and to integrate the steady-state, electromechanical transient, and
electromagnetic transient models into the proposed multi-time-scale simulation tool.
The first objective involves developing the approaches to connect the wind turbine
and PV models to the typical distribution circuit models represented by an admit-
tance matrix. Since the proposed multi-time-scale simulation tool consists of three
models for three different time scales, an interface approach is developed for each
single-time-scale model. The second objective involves developing the approaches to
select which single-time-scale model to use for each disturbance and the approaches
to switch between two single-time-scale models.
The proposed multi-time-scale simulation tool can be used for applications in
wind turbine and PV integration including analysis and control of voltage regulation
due to wind, solar, and load variability, determining the maximum penetration of
wind turbines and PVs, and sizing of energy storage for peak load shaving and power
variability control.
1.3 Dissertation Outline
This dissertation is organized as follows: Chapters 2 and 3 describe the electro-
magnetic transient, electromechanical transient, and steady-state models of distribu-
8
tion circuit equipment including voltage sources, lines, transformers, loads, capacitor
banks, wind turbines, and PVs. Chapter 4 explains the proposed multi-time-scale
simulation approach including the development of the single-time-scale simulation
models and the integration of the single-time-scale models into the multi-time-scale
simulation. Chapter 5 details the case study for the multi-time-scale simulation in-
cluding the test circuit, simulation results, and discussion, followed by the conclusion
in Chapter 6.
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Chapter 2
Modeling of Typical Distribution Circuit
Equipment
This chapter describes the modeling of typical distribution circuit equipment
for the proposed multi-time-scale simulation tool. A typical distribution circuit con-
sists of voltage sources, lines, transformers, loads, capacitor banks, and regulators
distributed throughout the circuit. To accommodate renewable energy sources, fu-
ture circuits may consist of synchronous machines, induction machines, energy storage
systems, STATCOMs, wind turbines, and PV panels in addition to what a typical
circuit has. Since distribution circuits are usually unbalanced due to the presence of
single-phase loads and single-phase circuits in the systems, positive-sequence models
do not capture all circuit behaviors. For this reason, distribution circuit models have
to be full models with all three phases represented.
The equipment employed in distribution circuits can be classified into two
types as shown in Fig. 2.1. The first type is the equipment that have fixed impedances
or admittances, such as distribution feeders, transformers, capacitor banks, and con-
stant impedance loads. These equipment are connected to each other and form a
three-phase distribution network represented by a nodal admittance matrix. The sec-
ond type is the equipment that contain voltage or current sources or have variable
impedances or admittances, such as constant power loads, synchronous machines,
induction machines, energy storage systems, STATCOMs, wind turbines, and PVs.
These equipment are represented by voltage or current sources connected to a distri-
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Figure 2.1: Distribution circuit equipment
bution network.
The following sections describe the development of models for three-phase dis-
tribution networks. Models of typical equipment in distribution networks including
distribution feeders, transformers, capacitor banks, and loads are discussed. Each
equipment model consists of three models for three different time scales, i.e., steady-
state, electromechanical transient, and electromagnetic transient models. The ap-
proach presented in these sections can also be used to represent other equipment that
can be modeled by a Thevenin or Norton equivalent circuit with a fixed impedance
or admittance.
2.1 Steady-State Model
In a steady-state condition, all transient dynamics are neglected. Thus, the dis-
tribution circuit equipment, e.g., distribution feeders, transformers, capacitor banks,
and constant impedance loads, can be represented by a fixed impedance in a fre-
quency domain (phasor form). The equipment are connected to each other and form
a three-phase distribution network represented by a nodal admittance matrix [54,55].
The approach used to build the nodal admittance matrix for fixed impedances or
admittances [54,55], distribution lines [54–57], and transformers [58,59] are described
in the following sections.
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2.1.1 Fixed Impedance or Admittance Model
A capacitor bank and a constant impedance load can be represented by a fixed
impedance (Z) or admittance (Y ) as shown in Fig. 2.2. The currents injected to node
k and m are calculated by
Ik =
1
Z
(Vk − Vm) = Y (Vk − Vm) (2.1)
Im =
1
Z
(Vm − Vk) = Y (Vm − Vk) (2.2)
The nodal equation for a fixed impedance or admittance is[
Ik
Im
]
=
[
1
Z
− 1
Z
− 1
Z
1
Z
] [
Vk
Vm
]
=
[
Y −Y
−Y Y
] [
Vk
Vm
]
(2.3)
For shunt elements, node m is connected to ground. Hence, the voltage at
node m (Vm) is zero, and the current injected to node m is the ground current which
is not interested. The nodal equation becomes
Ik =
1
Z
Vk = Y Vk (2.4)
2.1.2 Distribution Line Model
A single-phase distribution line can be represented by an equivalent-pi model
[54] as shown in Fig. 2.3. Note that the line parameter calculations are described in
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[54,57]. The currents flowing through the series impedance (Z) and shunt admittances
(Y ) of the line can be calculated by
Ikz =
1
Z
(Vk − Vm) (2.5)
Imz =
1
Z
(Vm − Vk) (2.6)
Iky =
Y
2
Vk (2.7)
Imy =
Y
2
Vm (2.8)
The currents injected to node k and m are obtained by
Ik = Ikz + Iky =
1
Z
(Vk − Vm) + Y
2
Vk =
(
1
Z
+
Y
2
)
Vk − 1
Z
Vm (2.9)
Im = Imz + Imy =
1
Z
(Vm − Vk) + Y
2
Vm =
(
1
Z
+
Y
2
)
Vm − 1
Z
Vk (2.10)
The nodal equation for a single-phase line is[
Ik
Im
]
=
[
1
Z
+ Y
2
− 1
Z
− 1
Z
1
Z
+ Y
2
] [
Vk
Vm
]
(2.11)
For a three-phase four-wire line as shown in Fig. 2.4, the series impedance
(Zbranch) and shunt admittances (Ybranch) in the equivalent-pi model become 4-by-4
matrices as follows:
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Zbranch =

Z11 Z12 Z13 Z14
Z21 Z22 Z23 Z24
Z31 Z32 Z33 Z34
Z41 Z42 Z43 Z44
 (2.12)
Ybranch =

Y11 Y12 Y13 Y14
Y21 Y22 Y23 Y24
Y31 Y32 Y33 Y34
Y41 Y42 Y43 Y44
 (2.13)
The approaches used to obtain Zbranch and Ybranch from the line parameters are de-
scribed in [56]. The branch equation for the series impedance is given by

Ikmz1
Ikmz2
Ikmz3
Ikmz4
 =

Z11 Z12 Z13 Z14
Z21 Z22 Z23 Z24
Z31 Z32 Z33 Z34
Z41 Z42 Z43 Z44

−1 
Vkmz1
Vkmz2
Vkmz3
Vkmz4
 (2.14)
The branch equation for the series impedance in (2.14) can be rewritten as
Iz,branch = Z
−1
branchVz,branch (2.15)
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where Iz,branch and Vz,branch are defined by
Iz,branch =

Ikmz1
Ikmz2
Ikmz3
Ikmz4
 (2.16)
Vz,branch =

Vkmz1
Vkmz2
Vkmz3
Vkmz4
 (2.17)
The currents injected to the series impedance are calculated from the branch currents
as follows: 
Ikz1
Ikz2
Ikz3
Ikz4
Imz1
Imz2
Imz3
Imz4

=

Ikmz1
Ikmz2
Ikmz3
Ikmz4
−Ikmz1
−Ikmz2
−Ikmz3
−Ikmz4

=

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1
−1 0 0 0
0 −1 0 0
0 0 −1 0
0 0 0 −1


Ikmz1
Ikmz2
Ikmz3
Ikmz4
 (2.18)
The branch voltages of the series impedance are calculated from the nodal voltages
as follows:

Vkmz1
Vkmz2
Vkmz3
Vkmz4
 =

Vk1 − Vm1
Vk2 − Vm2
Vk3 − Vm3
Vk4 − Vm4
 =

1 0 0 0 −1 0 0 0
0 1 0 0 0 −1 0 0
0 0 1 0 0 0 −1 0
0 0 0 1 0 0 0 −1


Vk1
Vk2
Vk3
Vk4
Vm1
Vm2
Vm3
Vm4

(2.19)
The relationship between the nodal and branch currents and voltages of the series
impedance in (2.18) and (2.19) can be rewritten as
Iz,node = A
TIz,branch (2.20)
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Vz,branch = AVz,node (2.21)
where A is the incidence matrix of the series impedance. Iz,node, Vz,node, and A are
defined by
Iz,node =

Ikz1
Ikz2
Ikz3
Ikz4
Imz1
Imz2
Imz3
Imz4

(2.22)
Vz,node =

Vk1
Vk2
Vk3
Vk4
Vm1
Vm2
Vm3
Vm4

(2.23)
A =

1 0 0 0 −1 0 0 0
0 1 0 0 0 −1 0 0
0 0 1 0 0 0 −1 0
0 0 0 1 0 0 0 −1
 (2.24)
The nodal admittance equation of the series impedance is obtained from (2.15), (2.20),
and (2.21) as follows:
Iz,node = A
TZ−1branchAVz,node (2.25)
The branch equations for the shunt admittances are given by
Iky1
Iky2
Iky3
Iky4
 =
1
2

Y11 Y12 Y13 Y14
Y21 Y22 Y23 Y24
Y31 Y32 Y33 Y34
Y41 Y42 Y43 Y44


Vky1
Vky2
Vky3
Vky4
 (2.26)
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
Imy1
Imy2
Imy3
Imy4
 =
1
2

Y11 Y12 Y13 Y14
Y21 Y22 Y23 Y24
Y31 Y32 Y33 Y34
Y41 Y42 Y43 Y44


Vmy1
Vmy2
Vmy3
Vmy4
 (2.27)
The branch equations of the shunt admittances in (2.26) and (2.27) can be rewritten
as
Iy,branch =
[
1
2
Ybranch 0
0 1
2
Ybranch
]
Vy,branch (2.28)
where Iy,branch and Vy,branch are defined by
Iy,branch =

Iky1
Iky2
Iky3
Iky4
Imy1
Imy2
Imy3
Imy4

(2.29)
Vy,branch =

Vky1
Vky2
Vky3
Vky4
Vmy1
Vmy2
Vmy3
Vmy4

(2.30)
The injected currents of the shunt admittances are the same as the branch currents,
and the nodal voltages of the shunt admittances are the same as the branch voltages.
Therefore, the incidence matrices of the shunt admittances are 4-by-4 identity ma-
trices. The nodal admittance equations of the shunt admittances at nodes k and m
are
Iy,node =
[
1
2
Ybranch 0
0 1
2
Ybranch
]
Vy,node (2.31)
17
The nodal equation for a three-phase four-wire line is
Inode = Iz,node + Iy,node
= ATZ−1branchAVz,node +
[
1
2
Ybranch 0
0 1
2
Ybranch
]
Vy,node
=
(
ATZ−1branchA+
[
1
2
Ybranch 0
0 1
2
Ybranch
])
Vnode (2.32)
where Inode and Vnode are defined by
Inode =

Ik1
Ik2
Ik3
Ik4
Im1
Im2
Im3
Im4

(2.33)
Vnode =

Vk1
Vk2
Vk3
Vk4
Vm1
Vm2
Vm3
Vm4

(2.34)
2.1.3 Transformer Model
The equivalent circuit of a single-phase transformer in a steady-state condition
is shown in Fig. 2.5. Since the core-loss resistance (Rc) is much larger than the
winding resistances (Rp and Rs), and the magnetizing reactance (Xm) is much larger
than the leakage reactances (Xlp and Xls), the core-loss resistance and magnetizing
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Figure 2.5: Steady-state model of a single-phase transformer
reactance can be neglected. Hence, the transformer impedance (Zt) is obtained as
follows:
Zt = (Rp +Rs) + j (Xlp +Xls) (2.35)
A wye-wye transformer can be represented by three single-phase transformers
connected in wye-wye configuration as shown in Fig. 2.6. The branch equation of the
transformer impedances is given by
Ikmb1
Ikmb2
Ikmb3
 =

Z11 Z12 Z13
Z21 Z22 Z23
Z31 Z32 Z33

−1 
Vkmb1
Vkmb2
Vkmb3
 (2.36)
Note that the off-diagonal elements of the transformer impedance matrix (Z12, Z13,
Z21, Z23, Z31, and Z32) are zero when there is no coupling among the single-phase
transformers. The branch equation for the transformer impedances in (2.36) can be
rewritten as
Ikmb = Z
−1
b Vkmb (2.37)
where Ikmb, Vkmb, and Zb are defined by
Ikmb =

Ikmb1
Ikmb2
Ikmb3
 (2.38)
Vkmb =

Vkmb1
Vkmb2
Vkmb3
 (2.39)
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Figure 2.6: Configuration of a wye-wye transformer
Zb =

Z11 Z12 Z13
Z21 Z22 Z23
Z31 Z32 Z33
 (2.40)
The currents injected to the transformer impedances at 1-V base are calculated from
the branch currents as follows:
Ikb1
Ikb2
Ikb3
Imb1
Imb2
Imb3

=

Ikmb1
Ikmb2
Ikmb3
−Ikmb1
−Ikmb2
−Ikmb3

=

1 0 0
0 1 0
0 0 1
−1 0 0
0 −1 0
0 0 −1


Ikmb1
Ikmb2
Ikmb3
 (2.41)
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The branch voltages of the transformer impedances are calculated from the nodal
voltages at 1-V base as follows:

Vkmb1
Vkmb2
Vkmb3
 =

Vkb1 − Vmb1
Vkb2 − Vmb2
Vkb3 − Vmb3
 =

1 0 0 −1 0 0
0 1 0 0 −1 0
0 0 1 0 0 −1


Vkb1
Vkb2
Vkb3
Vmb1
Vmb2
Vmb3

(2.42)
The relationship between the nodal and branch currents and voltages (at 1-V base)
of the transformer impedances in (2.41) and (2.42) can be rewritten as
Ib = B
TIkmb (2.43)
Vkmb = BVb (2.44)
where Ib, Vb, and B are defined by
Ib =

Ikb1
Ikb2
Ikb3
Imb1
Imb2
Imb3

(2.45)
Vb =

Vkb1
Vkb2
Vkb3
Vmb1
Vmb2
Vmb3

(2.46)
B =

1 0 0 −1 0 0
0 1 0 0 −1 0
0 0 1 0 0 −1
 (2.47)
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The nodal admittance equation of the transformer impedance at 1-V base is obtained
from (2.37), (2.43), and (2.44) as follows:
Ib = B
TZ−1b BVb (2.48)
The currents injected to the primary and secondary of the transformer are calculated
from the currents injected to the transformer impedances at 1-V base as follows:
Ikn1
Ikn2
Ikn3
Imn1
Imn2
Imn3

=

Ikb1
Nk1
Ikb2
Nk2
Ikb3
Nk3
Imb1
Nm1
Imb2
Nm2
Imb3
Nm3

=

1
Nk1
0 0 0 0 0
0 1
Nk2
0 0 0 0
0 0 1
Nk3
0 0 0
0 0 0 1
Nm1
0 0
0 0 0 0 1
Nm2
0
0 0 0 0 0 1
Nm3


Ikb1
Ikb2
Ikb3
Imb1
Imb2
Imb3

(2.49)
The nodal voltages at 1-V base are calculated from the primary and secondary nodal
voltages as follows:
Vkb1
Vkb2
Vkb3
Vmb1
Vmb2
Vmb3

=

Vkn1
Nk1
Vkn2
Nk2
Vkn3
Nk3
Vmn1
Nm1
Vmn2
Nm2
Vmn3
Nm3

=

1
Nk1
0 0 0 0 0
0 1
Nk2
0 0 0 0
0 0 1
Nk3
0 0 0
0 0 0 1
Nm1
0 0
0 0 0 0 1
Nm2
0
0 0 0 0 0 1
Nm3


Vkn1
Vkn2
Vkn3
Vmn1
Vmn2
Vmn3

(2.50)
The relationship between the primary and secondary nodal currents and voltages and
the nodal currents and voltages at 1-V base in (2.49) and (2.50) can be rewritten as
In = N
TIb (2.51)
Vb = NVn (2.52)
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where In, Vn, and N are defined by
In =

Ikn1
Ikn2
Ikn3
Imn1
Imn2
Imn3

(2.53)
Vn =

Vkn1
Vkn2
Vkn3
Vmn1
Vmn2
Vmn3

(2.54)
N =

1
Nk1
0 0 0 0 0
0 1
Nk2
0 0 0 0
0 0 1
Nk3
0 0 0
0 0 0 1
Nm1
0 0
0 0 0 0 1
Nm2
0
0 0 0 0 0 1
Nm3

(2.55)
The nodal admittance equation of the transformer at the primary and secondary is
obtained from (2.48), (2.51), and (2.52) as follows:
In = N
TBTZ−1b BNVn (2.56)
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The currents injected to nodes k1, k2, k3, k4, m1, m2, m3, and m4 are calculated
from the currents injected to the primary and secondary of the transformer as follows:
Ik1
Ik2
Ik3
Ik4
Im1
Im2
Im3
Im4

=

Ikn1
Ikn2
Ikn3
−Ikn1 − Ikn2 − Ikn3
Imn1
Imn2
Imn3
−Imn1 − Imn2 − Imn3

=

1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
−1 −1 −1 0 0 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1
0 0 0 −1 −1 −1


Ikn1
Ikn2
Ikn3
Imn1
Imn2
Imn3

(2.57)
The primary and secondary nodal voltages are calculated from the voltages at nodes
k1, k2, k3, k4, m1, m2, m3, and m4 as follows:

Vkn1
Vkn2
Vkn3
Vmn1
Vmn2
Vmn3

=

Vk1 − Vk4
Vk2 − Vk4
Vk3 − Vk4
Vm1 − Vm4
Vm2 − Vm4
Vm3 − Vm4

=

1 0 0 −1 0 0 0 0
0 1 0 −1 0 0 0 0
0 0 1 −1 0 0 0 0
0 0 0 0 1 0 0 −1
0 0 0 0 0 1 0 −1
0 0 0 0 0 0 1 −1


Vk1
Vk2
Vk3
Vk4
Vm1
Vm2
Vm3
Vm4

(2.58)
The relationship between the currents and voltages at nodes k1, k2, k3, k4, m1, m2,
m3, and m4 and the primary and secondary nodal currents and voltages in (2.57)
and (2.58) can be rewritten as
Inode = A
TIn (2.59)
Vn = AVnode (2.60)
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where Inode, Vnode, and A are defined by
Inode =

Ik1
Ik2
Ik3
Ik4
Im1
Im2
Im3
Im4

(2.61)
Vnode =

Vk1
Vk2
Vk3
Vk4
Vm1
Vm2
Vm3
Vm4

(2.62)
A =

1 0 0 −1 0 0 0 0
0 1 0 −1 0 0 0 0
0 0 1 −1 0 0 0 0
0 0 0 0 1 0 0 −1
0 0 0 0 0 1 0 −1
0 0 0 0 0 0 1 −1

(2.63)
The nodal admittance equation of the transformer is obtained from (2.56), (2.59),
and (2.60) as follows:
Inode = A
TNTBTZ−1b BNAVnode (2.64)
The incidence matrix of the wye-wye transformer is defined by
T = BNA (2.65)
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Figure 2.7: Configuration of a wye-delta-center-tapped transformer
where T is the incidence matrix of the wye-wye transformer. The nodal admittance
equation of the transformer in (2.64) becomes
Inode = T
TZ−1b TVnode (2.66)
A wye-delta-center-tapped transformer can be represented by a single-phase
three-winding transformer and two single-phase two-winding transformers as shown
in Fig. 2.7. The branch equation of the transformer impedances is given by
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
Ikmb1
Ikmb2
Ikmb3
Ikmb4
 =

Z11 Z12 Z13 Z14
Z21 Z22 Z23 Z24
Z31 Z32 Z33 Z34
Z41 Z42 Z43 Z44

−1 
Vkmb1
Vkmb2
Vkmb3
Vkmb4
 (2.67)
Note that Z13, Z14, Z23, Z24, Z31, Z32, Z34, Z41, Z42, and Z43 are zero when there is
no coupling among the single-phase transformers. However, Z12 and Z21 are not zero
because of the coupling among the windings of the three-winding transformer. The
branch equation for the transformer impedances in (2.67) can be rewritten as
Ikmb = Z
−1
b Vkmb (2.68)
where Ikmb, Vkmb, and Zb are defined by
Ikmb =

Ikmb1
Ikmb2
Ikmb3
Ikmb4
 (2.69)
Vkmb =

Vkmb1
Vkmb2
Vkmb3
Vkmb4
 (2.70)
Zb =

Z11 Z12 Z13 Z14
Z21 Z22 Z23 Z24
Z31 Z32 Z33 Z34
Z41 Z42 Z43 Z44
 (2.71)
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The currents injected to the transformer impedances at 1-V base are calculated from
the branch currents as follows:
Ikb1
Ikb2
Ikb3
Ikb4
Imb1
Imb2
Imb3
Imb4

=

Ikmb1
Ikmb2
Ikmb3
Ikmb4
−Ikmb1
−Ikmb2
−Ikmb3
−Ikmb4

=

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1
−1 0 0 0
0 −1 0 0
0 0 −1 0
0 0 0 −1


Ikmb1
Ikmb2
Ikmb3
Ikmb4
 (2.72)
The branch voltages of the transformer impedances are calculated from the nodal
voltages at 1-V base as follows:

Vkmb1
Vkmb2
Vkmb3
Vkmb4
 =

Vkb1 − Vmb1
Vkb2 − Vmb2
Vkb3 − Vmb3
Vkb4 − Vmb4
 =

1 0 0 0 −1 0 0 0
0 1 0 0 0 −1 0 0
0 0 1 0 0 0 −1 0
0 0 0 1 0 0 0 −1


Vkb1
Vkb2
Vkb3
Vkb4
Vmb1
Vmb2
Vmb3
Vmb4

(2.73)
The relationship between the nodal and branch currents and voltages (at 1-V base)
of the transformer impedances in (2.72) and (2.73) can be rewritten as
Ib = B
TIkmb (2.74)
Vkmb = BVb (2.75)
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where Ib, Vb, and B are defined by
Ib =

Ikb1
Ikb2
Ikb3
Ikb4
Imb1
Imb2
Imb3
Imb4

(2.76)
Vb =

Vkb1
Vkb2
Vkb3
Vkb4
Vmb1
Vmb2
Vmb3
Vmb4

(2.77)
B =

1 0 0 0 −1 0 0 0
0 1 0 0 0 −1 0 0
0 0 1 0 0 0 −1 0
0 0 0 1 0 0 0 −1
 (2.78)
The nodal admittance equation of the transformer impedance at 1-V base is obtained
from (2.68), (2.74), and (2.75) as follows:
Ib = B
TZ−1b BVb (2.79)
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The currents injected to the primary and secondary of the transformer are calculated
from the currents injected to the transformer impedances at 1-V base as follows:

Ikn1
Ikn2
Ikn3
Imn1
Imn2
Imn3
Imn4

=

Ikb1+Ikb2
Nk1
Ikb3
Nk2
Ikb4
Nk3
Imb1
Nm1
Imb2
Nm2
Imb3
Nm3
Imb4
Nm4

=

1
Nk1
1
Nk1
0 0 0 0 0 0
0 0 1
Nk2
0 0 0 0 0
0 0 0 1
Nk3
0 0 0 0
0 0 0 0 1
Nm1
0 0 0
0 0 0 0 0 1
Nm2
0 0
0 0 0 0 0 0 1
Nm3
0
0 0 0 0 0 0 0 1
Nm4


Ikb1
Ikb2
Ikb3
Ikb4
Imb1
Imb2
Imb3
Imb4

(2.80)
The nodal voltages at 1-V base are calculated from the primary and secondary nodal
voltages as follows:

Vkb1
Vkb2
Vkb3
Vkb4
Vmb1
Vmb2
Vmb3
Vmb4

=

Vkn1
Nk1
Vkn1
Nk1
Vkn2
Nk2
Vkn3
Nk3
Vmn1
Nm1
Vmn2
Nm2
Vmn3
Nm3
Vmn4
Nm4

=

1
Nk1
0 0 0 0 0 0
1
Nk1
0 0 0 0 0 0
0 1
Nk2
0 0 0 0 0
0 0 1
Nk3
0 0 0 0
0 0 0 1
Nm1
0 0 0
0 0 0 0 1
Nm2
0 0
0 0 0 0 0 1
Nm3
0
0 0 0 0 0 0 1
Nm4


Vkn1
Vkn2
Vkn3
Vmn1
Vmn2
Vmn3
Vmn4

(2.81)
The relationship between the primary and secondary nodal currents and voltages and
the nodal currents and voltages at 1-V base in (2.80) and (2.81) can be rewritten as
In = N
TIb (2.82)
Vb = NVn (2.83)
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where In, Vn, and N are defined by
In =

Ikn1
Ikn2
Ikn3
Imn1
Imn2
Imn3
Imn4

(2.84)
Vn =

Vkn1
Vkn2
Vkn3
Vmn1
Vmn2
Vmn3
Vmn4

(2.85)
N =

1
Nk1
0 0 0 0 0 0
1
Nk1
0 0 0 0 0 0
0 1
Nk2
0 0 0 0 0
0 0 1
Nk3
0 0 0 0
0 0 0 1
Nm1
0 0 0
0 0 0 0 1
Nm2
0 0
0 0 0 0 0 1
Nm3
0
0 0 0 0 0 0 1
Nm4

(2.86)
The nodal admittance equation of the transformer at the primary and secondary is
obtained from (2.79), (2.82), and (2.83) as follows:
In = N
TBTZ−1b BNVn (2.87)
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The currents injected to nodes k1, k2, k3, k4, m1, m2, m3, and m4 are calculated
from the currents injected to the primary and secondary of the transformer as follows:
Ik1
Ik2
Ik3
Ik4
Im1
Im2
Im3
Im4

=

Ikn1
Ikn2
Ikn3
−Ikn1 − Ikn2 − Ikn3
Imn1 − Imn4
Imn2 − Imn1
Imn3 − Imn2
Imn4 − Imn3

=

1 0 0 0 0 0 0
0 1 0 0 0 0 0
0 0 1 0 0 0 0
−1 −1 −1 0 0 0 0
0 0 0 1 0 0 −1
0 0 0 −1 1 0 0
0 0 0 0 −1 1 0
0 0 0 0 0 −1 1


Ikn1
Ikn2
Ikn3
Imn1
Imn2
Imn3
Imn4

(2.88)
The primary and secondary nodal voltages are calculated from the voltages at nodes
k1, k2, k3, k4, m1, m2, m3, and m4 as follows:

Vkn1
Vkn2
Vkn3
Vmn1
Vmn2
Vmn3

=

Vk1 − Vk4
Vk2 − Vk4
Vk3 − Vk4
Vm1 − Vm2
Vm2 − Vm3
Vm3 − Vm4
Vm4 − Vm1

=

1 0 0 −1 0 0 0 0
0 1 0 −1 0 0 0 0
0 0 1 −1 0 0 0 0
0 0 0 0 1 −1 0 0
0 0 0 0 0 1 −1 0
0 0 0 0 0 0 1 −1
0 0 0 0 −1 0 0 1


Vk1
Vk2
Vk3
Vk4
Vm1
Vm2
Vm3
Vm4

(2.89)
The relationship between the currents and voltages at nodes k1, k2, k3, k4, m1, m2,
m3, and m4 and the primary and secondary nodal currents and voltages in (2.88)
and (2.89) can be rewritten as
Inode = A
TIn (2.90)
Vn = AVnode (2.91)
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where Inode, Vnode, and A are defined by
Inode =

Ik1
Ik2
Ik3
Ik4
Im1
Im2
Im3
Im4

(2.92)
Vnode =

Vk1
Vk2
Vk3
Vk4
Vm1
Vm2
Vm3
Vm4

(2.93)
A =

1 0 0 −1 0 0 0 0
0 1 0 −1 0 0 0 0
0 0 1 −1 0 0 0 0
0 0 0 0 1 −1 0 0
0 0 0 0 0 1 −1 0
0 0 0 0 0 0 1 −1
0 0 0 0 −1 0 0 1

(2.94)
The nodal admittance equation of the transformer is obtained from (2.87), (2.90),
and (2.91) as follows:
Inode = A
TNTBTZ−1b BNAVnode (2.95)
The incidence matrix of the wye-delta-center-tapped transformer is defined by
T = BNA (2.96)
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Figure 2.8: Injected currents and node voltages
where T is the incidence matrix of the wye-delta-center-tapped transformer. The
nodal admittance equation of the transformer in (2.95) becomes
Inode = T
TZ−1b TVnode (2.97)
2.1.4 Distribution Network Solution
The admittance matrices of each equipment are then combined to obtain the
nodal admittance matrix of the distribution network. For three-phase systems, one
bus has four nodes, i.e., Phase A, Phase B, Phase C, and ground nodes. The admit-
tance matrix of the distribution network relates voltages at each node and currents
injected into each node (Fig. 2.8) as follows:
I = YbusV (2.98)
where Ybus is a nodal admittance matrix. For a circuit having n nodes, a vector of
injected currents, I, and a vector of nod voltages, V , are defined as follows:
I =

I1
...
Ii
...
In

(2.99)
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V =

V1
...
Vi
...
Vn

(2.100)
where Ii is current injected into node i, and Vi is voltage at node i.
For each node, only one variable, either voltage or current, is known, while the
other variable is not known. Therefore, (2.98) can be written as[
Iunknown
Iknown
]
=
[
Ybus,a Ybus,b
Ybus,c Ybus,d
] [
Vknown
Vunknown
]
(2.101)
The unknown voltages and currents can be obtained from[
Iunknown
Vunknown
]
=
[
Ybus,a − Ybus,bY −1bus,dYbus,c Ybus,bY −1bus,d
−Y −1bus,dYbus,c Y −1bus,d
] [
Vknown
Iknown
]
(2.102)
2.2 Electromechanical Transient Model
Distribution networks consisting of distribution feeders, transformers, capaci-
tor banks, and constant impedance loads contain only dynamics associated with elec-
tromagnetic transients (inductors and capacitors), but the networks have no dynamics
associated with electromechanical transients because the distribution networks do not
have any mechanical components. Since the electromagnetic transient dynamics are
neglected in the electromechanical transient models, the electromechanical transient
models of distribution networks are simply the steady-state models.
2.3 Electromagnetic Transient Model
Distribution networks including distribution feeders, transformers, capacitor
banks, and constant impedance loads are modeled by using the EMTP based approach
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Figure 2.9: Equivalent impedance network of a resistor
[48, 49]. In this approach, the differential equations representing each element in the
distribution network in a time domain are integrated via the trapezoidal method and
become algebraic equations. Then, the algebraic equations are rearranged to describe
the relation between the node voltage and injected current at each terminal of the
equipment (nodal equation). The following sections describe the approach used to
build the nodal admittance matrix for resistors, inductors, capacitors, distribution
lines, and transformers [48,49,60].
2.3.1 Resistor Model
The branch equation for a resistor is given by
ikm =
1
R
(vk − vm) (2.103)
The nodal equation for a resistor is[
ik (t)
im (t)
]
=
[
1
R
− 1
R
− 1
R
1
R
] [
vk (t)
vm (t)
]
(2.104)
The equivalent impedance network of a resistor is shown in Fig. 2.9.
2.3.2 Inductor Model
The branch equation for an inductor is given by
ikm (t) =
1
L
∫ t
t−∆t
(vk − vm) dt+ ikm (t−∆t) (2.105)
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Figure 2.10: Equivalent impedance network of an inductor
Applying the trapezoidal method yields
ikm (t) =
∆t
2L
[vk (t)− vm (t)] + i′km (t−∆t) (2.106)
where the history term is defined as
i′km (t−∆t) = ikm (t−∆t) +
∆t
2L
[vk (t−∆t)− vm (t−∆t)] (2.107)
Substituting ikm (t−∆t) from (2.106) into (2.107) yields
i′km (t−∆t) = i′km (t− 2∆t) + 2
(
∆t
2L
)
[vk (t−∆t)− vm (t−∆t)] (2.108)
The nodal equation for an inductor is[
ik (t)
im (t)
]
=
[
∆t
2L
−∆t
2L
−∆t
2L
∆t
2L
] [
vk (t)
vm (t)
]
+
[
i′km (t−∆t)
−i′km (t−∆t)
]
(2.109)
The equivalent impedance network of an inductor is shown in Fig. 2.10.
2.3.3 Capacitor Model
The branch equation for a capacitor is given by
vk (t)− vm (t) = 1
C
∫ t
t−∆t
ikmdt+ vk (t−∆t)− vm (t−∆t) (2.110)
Applying the trapezoidal method yields
ikm (t) =
2C
∆t
[vk (t)− vm (t)] + i′km (t−∆t) (2.111)
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Figure 2.11: Equivalent impedance network of a capacitor
where the history term is defined as
i′km (t−∆t) = −ikm (t−∆t)−
2C
∆t
[vk (t−∆t)− vm (t−∆t)] (2.112)
Substituting ikm (t−∆t) from (2.111) into (2.112) yields
i′km (t−∆t) = −i′km (t− 2∆t)− 2
(
2C
∆t
)
[vk (t−∆t)− vm (t−∆t)] (2.113)
The nodal equation for a capacitor is[
ik (t)
im (t)
]
=
[
2C
∆t
−2C
∆t
−2C
∆t
2C
∆t
] [
vk (t)
vm (t)
]
+
[
i′km (t−∆t)
−i′km (t−∆t)
]
(2.114)
The equivalent impedance network of a capacitor is shown in Fig. 2.11.
2.3.4 Distribution Line Model
A distribution line is represented by the traveling wave model. For a single-
phase lossless line, the traveling wave equations are
∂v
∂x
= −l ∂i
∂t
(2.115)
∂i
∂x
= −c∂v
∂t
(2.116)
where l is the inductance per unit length of the line, and c is the capacitance per unit
length of the line. Solving the traveling wave equations yields
ik (t) =
1
Zc
vk (t) + i
′
k (t− τ) (2.117)
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Figure 2.12: Equivalent impedance network of a single-phase lossless line
im (t) =
1
Zc
vm (t) + i
′
m (t− τ) (2.118)
where Zc is the surge impedance of the line, and τ is the travel time of the line. Zc
and τ are calculated as follows:
Zc =
√
l
c
(2.119)
τ = d
√
lc (2.120)
where d is the length of the line. The history terms are defined as
i′k (t− τ) = −im (t− τ)−
1
Zc
vm (t− τ) (2.121)
i′m (t− τ) = −ik (t− τ)−
1
Zc
vk (t− τ) (2.122)
Substituting ik (t− τ) and im (t− τ) from (2.117) and (2.118) into (2.121) and (2.122)
yields
i′k (t− τ) = −i′m (t− 2τ)−
2
Zc
vm (t− τ) (2.123)
i′m (t− τ) = −i′k (t− 2τ)−
2
Zc
vk (t− τ) (2.124)
The nodal equation for a single-phase lossless line is given by[
ik (t)
im (t)
]
=
[ 1
Zc
0
0 1
Zc
] [
vk (t)
vm (t)
]
+
[
i′k (t− τ)
i′m (t− τ)
]
(2.125)
The equivalent impedance network of a single-phase lossless line is shown in Fig. 2.12.
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Figure 2.13: Impedance network of a single-phase lossy line
For a single-phase lossy line, the shunt conductances are assumed to be negli-
gible, and the series resistances are lumped to R
4
at the ends and R
2
in the middle of
the line as shown in Fig. 2.13. Note that R is the total series resistance. The currents
ik (t) and im (t) become
ik (t) =
1
Zc +
R
4
vk (t) + i
′
k (t− τ) (2.126)
im (t) =
1
Zc +
R
4
vm (t) + i
′
m (t− τ) (2.127)
where the history terms are defined as
i′k (t− τ) = −
Zc(
Zc +
R
4
)2 [(Zc − R4
)
im (t− τ) + vm (t− τ)
]
+
R
4(
Zc +
R
4
)2 [(Zc − R4
)
ik (t− τ) + vk (t− τ)
]
(2.128)
i′m (t− τ) = −
Zc(
Zc +
R
4
)2 [(Zc − R4
)
ik (t− τ) + vk (t− τ)
]
+
R
4(
Zc +
R
4
)2 [(Zc − R4
)
im (t− τ) + vm (t− τ)
]
(2.129)
Substituting ik (t− τ) and im (t− τ) from (2.126) and (2.127) into (2.128) and (2.129)
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Figure 2.14: Equivalent impedance network of a single-phase lossy line
yields
i′k (t− τ) = −
Zc(
Zc +
R
4
)2
[(
Zc − R
4
)
i′m (t− 2τ) +
2Zc
Zc +
R
4
vm (t− τ)
]
+
R
4(
Zc +
R
4
)2
[(
Zc − R
4
)
i′k (t− 2τ) +
2Zc
Zc +
R
4
vk (t− τ)
]
(2.130)
i′m (t− τ) = −
Zc(
Zc +
R
4
)2
[(
Zc − R
4
)
i′k (t− 2τ) +
2Zc
Zc +
R
4
vk (t− τ)
]
+
R
4(
Zc +
R
4
)2
[(
Zc − R
4
)
i′m (t− 2τ) +
2Zc
Zc +
R
4
vm (t− τ)
]
(2.131)
The nodal equation for a single-phase lossy line is given by[
ik (t)
im (t)
]
=
 1Zc+R4 0
0 1
Zc+
R
4
 [ vk (t)
vm (t)
]
+
[
i′k (t− τ)
i′m (t− τ)
]
(2.132)
The equivalent impedance network of a single-phase lossy line is shown in Fig. 2.14.
For a three-phase lossless line, the traveling wave equations are
∂vphase
∂x
= −lphase∂iphase
∂t
(2.133)
∂iphase
∂x
= −cphase∂vphase
∂t
(2.134)
where lphase is the matrix of inductance per unit length of the line in a phase domain,
and cphase is the matrix of capacitance per unit length of the line in a phase domain.
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In order to solve the traveling wave equations, the modal analysis approach is used to
decouple the equations for Phases A, B, and C. The phase currents and voltages are
transformed to the modal currents and voltages by using the transformation matrices
as follows:
iphase = Tiimode (2.135)
vphase = Tvvmode (2.136)
where Ti and Tv are the transformation matrices for the current and voltage, respec-
tively. Note that Ti is the matrix of eigenvectors of the matrix product cphaselphase,
and Tv is the matrix of eigenvectors of the matrix product lphasecphase. Ti and Tv
relate to each other by
T−1i = T
T
v (2.137)
The phase inductance and capacitance matrices are transformed to the modal induc-
tance and capacitance matrices as follows:
lmode = T
T
i lphaseTi (2.138)
cmode = T
T
v cphaseTv (2.139)
where lmode is the matrix of inductance per unit length of the line in a modal domain,
and cmode is the matrix of capacitance per unit length of the line in a modal domain.
Note that both lmode and cmode are diagonal matrices. Solving the modal traveling
wave equations yields
ik,mode (t) = Z
−1
c,modevk,mode (t) + i
′
k,mode (t− τmode) (2.140)
im,mode (t) = Z
−1
c,modevm,mode (t) + i
′
m,mode (t− τmode) (2.141)
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where Zc,mode is the surge impedance matrix of the line in a modal domain, and τmode
is the travel time of the line. For a four-wire line, Zc,mode is defined by
Zc,mode =

Zc,mode,1 0 0 0
0 Zc,mode,2 0 0
0 0 Zc,mode,3 0
0 0 0 Zc,mode,4
 (2.142)
where Zc,mode for mode i is calculated as follows:
Zc,mode,i =
√√√√ lmode,ii
cmode,ii
(2.143)
τmode for mode i is calculated as follows:
τmode,i = d
√
λi (2.144)
where λi is the eigenvalue for mode i of the matrix product cphaselphase or lphasecphase.
Note that each mode has a different travel time. The history terms are defined as
i′k,mode (t− τmode) = −im,mode (t− τmode)− Z−1c,modevm,mode (t− τmode) (2.145)
i′m,mode (t− τmode) = −ik,mode (t− τmode)− Z−1c,modevk,mode (t− τmode) (2.146)
Substituting ik (t− τmode) and im (t− τmode) from (2.140) and (2.141) into (2.145) and
(2.146) yields
i′k,mode (t− τmode) = −i′m,mode (t− 2τmode)− 2Z−1c,modevm,mode (t− τmode) (2.147)
i′m,mode (t− τmode) = −i′k,mode (t− 2τmode)− 2Z−1c,modevk,mode (t− τmode) (2.148)
The nodal equation for a three-phase lossless line in a modal domain is given by[
ik,mode (t)
im,mode (t)
]
=
[
Z−1c,mode 0
0 Z−1c,mode
] [
vk,mode (t)
vm,mode (t)
]
+
[
i′k,mode (t− τmode)
i′m,mode (t− τmode)
]
(2.149)
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The modal currents and voltages in (2.149) are converted to the phase currents and
voltages by using (2.135) and (2.136). Therefore, the nodal equation for a three-phase
lossless line in a phase domain is given by[
ik,phase (t)
im,phase (t)
]
=
[
TiZ
−1
c,modeT
T
i 0
0 TiZ
−1
c,modeT
T
i
] [
vk,phase (t)
vm,phase (t)
]
+
[
Tii
′
k,mode (t− τmode)
Tii
′
m,mode (t− τmode)
]
(2.150)
For a three-phase lossy line, the currents ik,mode (t) and im,mode (t) become
ik,mode (t) =
(
Zc,mode +
Rmode
4
)−1
vk,mode (t) + i
′
k,mode (t− τmode) (2.151)
im,mode (t) =
(
Zc,mode +
Rmode
4
)−1
vm,mode (t) + i
′
m,mode (t− τmode) (2.152)
where Rmode is the matrix of total resistance of the line in a modal domain. The
modal resistance matrix is obtained from the phase resistance matrix as follows:
Rmode = T
T
i RphaseTi (2.153)
where Rphase is the matrix of total resistance of the line in a phase domain. Note that
Rmode is not a diagonal matrix. The history terms are defined as
i′k,mode (t− τmode) = −
(
Zc,mode +
Rmode
4
)−1
Zc,mode
(
Zc,mode +
Rmode
4
)−1
[(
Zc,mode − Rmode
4
)
im,mode (t− τmode) + vm,mode (t− τmode)
]
+
(
Zc,mode +
Rmode
4
)−1 Rmode
4
(
Zc,mode +
Rmode
4
)−1
[(
Zc,mode − Rmode
4
)
ik,mode (t− τmode) + vk,mode (t− τmode)
]
(2.154)
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i′m,mode (t− τmode) = −
(
Zc,mode +
Rmode
4
)−1
Zc,mode
(
Zc,mode +
Rmode
4
)−1
[(
Zc,mode − Rmode
4
)
ik,mode (t− τmode) + vk,mode (t− τmode)
]
+
(
Zc,mode +
Rmode
4
)−1 Rmode
4
(
Zc,mode +
Rmode
4
)−1
[(
Zc,mode − Rmode
4
)
im,mode (t− τmode) + vm,mode (t− τmode)
]
(2.155)
Substituting ik,mode (t− τmode) and im,mode (t− τmode) from (2.151) and (2.152) into
(2.154) and (2.155) yields
i′k,mode (t− τmode) = −
(
Zc,mode +
Rmode
4
)−1
Zc,mode
(
Zc,mode +
Rmode
4
)−1
[(
Zc,mode − Rmode
4
)
i′m,mode (t− 2τmode)
+ 2Zc,mode
(
Zc,mode +
Rmode
4
)−1
vm,mode (t− τmode)
]
+
(
Zc,mode +
Rmode
4
)−1 Rmode
4
(
Zc,mode +
Rmode
4
)−1
[(
Zc,mode − Rmode
4
)
i′k,mode (t− 2τmode)
+ 2Zc,mode
(
Zc,mode +
Rmode
4
)−1
vk,mode (t− τmode)
]
(2.156)
i′m,mode (t− τmode) = −
(
Zc,mode +
Rmode
4
)−1
Zc,mode
(
Zc,mode +
Rmode
4
)−1
[(
Zc,mode − Rmode
4
)
i′k,mode (t− 2τmode)
+ 2Zc,mode
(
Zc,mode +
Rmode
4
)−1
vk,mode (t− τmode)
]
+
(
Zc,mode +
Rmode
4
)−1 Rmode
4
(
Zc,mode +
Rmode
4
)−1
[(
Zc,mode − Rmode
4
)
i′m,mode (t− 2τmode)
+ 2Zc,mode
(
Zc,mode +
Rmode
4
)−1
vm,mode (t− τmode)
]
(2.157)
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Figure 2.15: Electromagnetic transient model of a single-phase transformer
The nodal equation for a three-phase lossy line in a modal domain is given by
[
ik,mode (t)
im,mode (t)
]
=

(
Zc,mode +
Rmode
4
)−1
0
0
(
Zc,mode +
Rmode
4
)−1
 [ vk,mode (t)
vm,mode (t)
]
+
[
i′k,mode (t− τmode)
i′m,mode (t− τmode)
]
(2.158)
The modal currents and voltages in (2.158) are converted to the phase currents and
voltages by using (2.135) and (2.136). Therefore, the nodal equation for a three-phase
lossy line in a phase domain is given by
[
ik,phase (t)
im,phase (t)
]
=
 Ti
(
Zc,mode +
Rmode
4
)−1
TTi 0
0 Ti
(
Zc,mode +
Rmode
4
)−1
TTi

[
vk,phase (t)
vm,phase (t)
]
+
[
Tii
′
k,mode (t− τmode)
Tii
′
m,mode (t− τmode)
]
(2.159)
2.3.5 Transformer Model
The equivalent circuit of a single-phase transformer in an electromagnetic tran-
sient condition is shown in Fig. 2.15. The transformer model consists of voltage
equations and flux linkage equations as follows: [61, 62]
The voltage equations are given by
vp = Rpip +
d
dt
λp (2.160)
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vs = Rsis +
d
dt
λs (2.161)
where vp and vs are the primary and secondary voltages, ip and is are the primary
and secondary currents, λp and λs are the primary and secondary flux linkages, and
Rp and Rs are the primary and secondary resistances.
The flux linkage equations are given by
λp = (Llp + Lm) ip + Lmis (2.162)
λs = (Lls + Lm) is + Lmip (2.163)
where Llp and Lls are the primary and secondary leakage inductances, and Lm is the
mutual or magnetizing inductance.
Combining the voltage equations and the flux linkage equations yields
vp = Rpip + (Llp + Lm)
d
dt
ip + Lm
d
dt
is (2.164)
vs = Rsis + (Lls + Lm)
d
dt
is + Lm
d
dt
ip (2.165)
The voltage drop across the transformer is given by
vps = vp − vs = Rpip −Rsis + Llp d
dt
ip − Lls d
dt
is (2.166)
where vps is the voltage drop across a transformer. Since Lm is much larger than Llp
and Lls, the current flowing in Lm is neglectable. Thus, the primary and secondary
currents can be approximated by
ip ≈ ips (2.167)
is ≈ −ips (2.168)
where ips is the current flowing through a transformer. The voltage drop across a
transformer in (2.166) becomes
vps = (Rp +Rs) ips + (Llp + Lls)
d
dt
ips (2.169)
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As suggested by (2.169), a single-phase transformer can be represented by the
combined winding resistances (R = Rp + Rs) in series with the combined leakage
inductances (L = Lp + Ls). The branch equation for a single-phase resistance in
series with a single-phase inductance is given by
ikm (t) =
1
L
∫ t
t−∆t
(vk − vm) dt− R
L
∫ t
t−∆t
ikmdt+ ikm (t−∆t) (2.170)
Applying the trapezoidal method yields
ikm (t) =
1
R + 2L
∆t
[vk (t)− vm (t)] + i′km (t−∆t) (2.171)
where the history term is defined as
i′km (t−∆t) = −
R− 2L
∆t
R + 2L
∆t
ikm (t−∆t) + 1
R + 2L
∆t
[vk (t−∆t)− vm (t−∆t)] (2.172)
Substituting ikm (t−∆t) from (2.171) into (2.172) yields
i′km (t−∆t) = −
R− 2L
∆t
R + 2L
∆t
i′km (t− 2∆t) +
2
(
2L
∆t
)
(
R + 2L
∆t
)2 [vk (t−∆t)− vm (t−∆t)]
(2.173)
The nodal equation for a single-phase resistance in series with a single-phase induc-
tance is given by[
ik (t)
im (t)
]
=
 1R+ 2L∆t − 1R+ 2L∆t− 1
R+ 2L
∆t
1
R+ 2L
∆t
 [ vk (t)
vm (t)
]
+
[
i′km (t−∆t)
−i′km (t−∆t)
]
(2.174)
The equivalent impedance network of a single-phase resistance in series with a single-
phase inductance is shown in Fig. 2.16.
A three-phase transformer can be represented by a three-phase winding resis-
tance (R) in series with a three-phase leakage inductance (L). Note that R and L are
3-by-3 matrices for a wye-wye transformer, while they are 4-by-4 matrices for a wye-
delta-center-tapped transformer. The branch equation for a three-phase resistance in
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Figure 2.16: Equivalent impedance network of a resistance-inductance series branch
series with a three-phase inductance is given by
ikmb (t) = L
−1
∫ t
t−∆t
(vkb − vmb) dt− L−1R
∫ t
t−∆t
ikmbdt+ ikmb (t−∆t) (2.175)
Applying the trapezoidal method yields
ikmb (t) =
(
R +
2L
∆t
)−1
[vkb (t)− vmb (t)] + i′kmb (t−∆t) (2.176)
where the history term is defined as
i′kmb (t−∆t) = −
(
R +
2L
∆t
)−1 (
R− 2L
∆t
)
ikmb (t−∆t)
+
(
R +
2L
∆t
)−1
[vkb (t−∆t)− vmb (t−∆t)] (2.177)
Substituting ikmb (t−∆t) from (2.176) into (2.177) yields
i′kmb (t−∆t) = −
(
R +
2L
∆t
)−1 (
R− 2L
∆t
)
i′kmb (t− 2∆t)
+
[(
R +
2L
∆t
)−1
−
(
R +
2L
∆t
)−1 (
R− 2L
∆t
)(
R +
2L
∆t
)−1]
[vkb (t−∆t)− vmb (t−∆t)] (2.178)
The nodal equation for a three-phase resistance in series with a three-phase inductance
is given by
[
ikb (t)
imb (t)
]
=

(
R + 2L
∆t
)−1 − (R + 2L
∆t
)−1
−
(
R + 2L
∆t
)−1 (
R + 2L
∆t
)−1
 [ vkb (t)
vmb (t)
]
+
[
i′kmb (t−∆t)
−i′kmb (t−∆t)
]
(2.179)
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The relationship between the currents injected to the resistance-inductance series
branch and the currents injected to the transformer and the relationship between the
nodal voltages at the resistance-inductance series branch and the nodal voltages at
the transformer are as follows:[
ik (t)
im (t)
]
= TT
[
ikb (t)
imb (t)
]
(2.180)
[
vkb (t)
vmb (t)
]
= T
[
vk (t)
vm (t)
]
(2.181)
where T is an incidence matrix of the transformer defined by (2.65) and (2.96). Hence,
the nodal equation for a three-phase transformer becomes
[
ik (t)
im (t)
]
= TT

(
R + 2L
∆t
)−1 − (R + 2L
∆t
)−1
−
(
R + 2L
∆t
)−1 (
R + 2L
∆t
)−1
T [ vk (t)
vm (t)
]
+ TT
[
i′kmb (t−∆t)
−i′kmb (t−∆t)
]
(2.182)
2.3.6 Distribution Network Solution
The nodal equation of the system is then obtained by combining all nodal
equations of elements, similar to the nodal admittance matrix for the steady-state
simulation. The nodal equation of the system is in the following form
I (t) = Y V (t) + I ′ (2.183)
where Y is a nodal admittance matrix, I (t) is the vector of injected currents, V (t)
is the vector of node voltages, and I ′ is the vector of known history currents. The
approach used to solve (2.98) can also be used to solve (2.183). The nodal equation
can be written as [
Iunknown
Iknown
]
=
[
Ya Yb
Yc Yd
] [
Vknown
Vunknown
]
+
[
I ′1
I ′2
]
(2.184)
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The unknown voltages and currents can be obtained from[
Iunknown
Vunknown
]
=
[
Ya − YbY −1d Yc YbY −1d
−Y −1d Yc Y −1d
] [
Vknown
Iknown − I ′2
]
+
[
I ′1
0
]
(2.185)
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Chapter 3
Modeling of Renewable Energy Sources in
Distribution Circuits
Distribution equipment models including distribution lines, transformers, ca-
pacitor banks, and loads have been described in Chapter 2. This chapter describes
the development of models for renewable energy sources including wind turbines and
PVs that are connected to distribution circuits.
3.1 Models of Wind Turbines
Wind turbines can be categorized into four technologies: a fixed-speed wind
turbine (FSWT), a wide-slip wind turbine (WSWT), a doubly-fed induction gener-
ator (DFIG) wind turbine, and a full converter wind turbine [63–66]. These wind
turbine technologies are commonly referred to as type-1, 2, 3, and 4 wind turbines,
respectively. Each technology has a different configuration and therefore contributes
differently to problems in distribution systems.
An FSWT is the simplest wind turbine technology. This configuration con-
sists of a squirrel cage induction generator (SCIG) directly connected to the grid as
shown in Fig. 3.1. This wind turbine technology is “fixed-speed” because the wind
turbine always operates at almost the same rotor speed regardless of the wind speed.
The generator slip is usually less than 1 %. The advantage of the FSWT is that this
technology is simple, robust, and relatively inexpensive. However, the disadvantage is
that the SCIG always consumes reactive power. Therefore, a capacitor bank is needed
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Figure 3.1: Block diagram of an FSWT
to compensate for the reactive power. Another disadvantage is that the variation of
wind speed can cause high fluctuation of power output because this technology has
no power control, which is the result of the fixed-speed operation.
A WSWT is one of the variable-speed wind turbine technologies. This means
that the wind turbine can operate in a wide range of rotor speeds. Normally, the
generator slip is up to 10-15 %. The WSWT consists of a wound rotor induction
generator (WRIG) and a variable external rotor resistor as presented in Fig. 3.2.
At wind speed between cut-in and rated speed, the external rotor resistance is set
to zero, and the pitch angle is set to the optimum value. Thus, the WSWT works
like the FSWT and also encounters the wind power fluctuation problem. To maintain
constant power output between rated and cut-out wind speed, the torque-speed curve
is modified using an external rotor resistor and the rotor performance characteristics
are modified using a pitch angle control. Adjusting the external rotor resistance is
faster than adjusting the pitch angle. However, there is a power loss due to the loss
in the additional rotor resistor.
A DFIG wind turbine is also one of the variable-speed wind turbine technolo-
gies. The DFIG wind turbine consists of a WRIG and a back-to-back converter. The
stator winding of a WRIG is directly connected to the grid, while the rotor wind-
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Figure 3.2: Block diagram of a WSWT
Blades
Gear 
Box
WRIG
Converter
Transformer
Grid
Transformer
Figure 3.3: Block diagram of a DFIG wind turbine
ing is connected through a converter as illustrated in Fig. 3.3. The generator is
“doubly-fed” because both stator and rotor are connected to the grid. The converter
enables decoupling of real and reactive power control, which is the main advantage
of the DFIG wind turbine. Since only 20-30 % of the total power passes through
the converter, the required converter size is only 20-30 % of the rated power output,
hence making the turbine technology relatively affordable. However, since a reduced
size converter is employed, the DFIG wind turbine is able to operate in a slip range
of only 20-30 %.
A full converter wind turbine is also one of the variable-speed wind turbine
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Figure 3.4: Block diagram of a full converter wind turbine
technologies. The full converter wind turbine consists of a generator and a back-
to-back converter. The generator can be a synchronous generator or an induction
generator. The converter is connected between the stator of the generator and the
grid as described in Fig. 3.4. Like the DFIG wind turbine, the full converter wind
turbine can also decouple real and reactive power control. Additionally, the full
converter wind turbine can operate in a full speed range since the stator is connected
to the grid via a full converter. However, a full sized converter is required, making the
full converter wind turbine technology more expensive than the DFIG wind turbine
technology.
A wind turbine model consists of four major parts: aerodynamic, mechanical,
generator, and converter components. Each component consists of its electromagnetic
transient, electromechanical transient, and steady-state models as described in the
following sections.
3.1.1 Aerodynamic System
The aerodynamic system represents wind turbine blades which convert the
kinetic energy available in the wind into mechanical rotational energy. The power
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available in the wind Pwind is given by [65–69]
Pwind =
1
2
ρAv3wind (3.1)
where ρ is the air density, A is the rotor swept area, and vwind is the wind speed.
Note that the rotor swept area is calculated by
A = piR2 (3.2)
where R is the blade radius.
Unfortunately, a wind turbine cannot extract all of the power available in the
wind. Rotor performance characteristic Cp is defined as a ratio of the power extracted
from wind Paero to the power available in the wind as follows: [65–69]
Cp =
Paero
Pwind
(3.3)
According to Betz, the maximum limit of Cp is 0.593. Cp can be defined as a
function of the tip speed ratio λ and the pitch angle θ. Fig. 3.5 shows a sample of
the Cp curve. The tip speed ratio is a ratio of the tip speed of the blade to the wind
speed as follows:
λ =
ωbladeR
vwind
(3.4)
where ωblade is the rotational speed of the blades referred to the blade side.
The aerodynamic torque referred to the generator side Γ′aero is given by
Γ′aero =
Paero
ω′blade
(3.5)
where ω′blade is the rotational speed of the blades referred to the generator side.
The aerodynamic model for electromagnetic transient, electromechanical tran-
sient, and steady-state conditions are the same because (3.1)-(3.5) are algebraic equa-
tions, and therefore have no dynamics.
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Figure 3.5: Rotor performance characteristic curve
3.1.2 Mechanical System
The mechanical components of a wind turbine consist of blade inertia, gener-
ator inertia, a gearbox, and shafts as shown in Fig. 3.6. The gearbox is assumed to
be a parallel gear. The blade inertia and the blade shaft can be brought to the gen-
erator reference frame. Then, the rotor and generator shafts are combined (Fig. 3.7).
As this model contains two inertia, it is referred a two-mass model. The two-mass
model consists of three models associated with each time scales, i.e., electromagnetic
transient, electromechanical transient, and steady-state models.
3.1.2.1 Electromagnetic Transient Model
For electromagnetic transient simulation, the simulation time is very short, so
the rotating mass maintains essentially the same speed. As a result, the speed of the
blades (ωblade) and the generator (ωgen) can be assumed to be constant.
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Figure 3.6: Wind turbine drivetrain
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Figure 3.7: Two-mass model
3.1.2.2 Electromechanical Transient Model
Applying Newton’s second law for rotation, the torque equations referring to
the generator side are given as follows:
J ′blade
dω′blade
dt
= Γ′aero −Deq (ω′blade − ωgen)−Keq (θ′blade − θgen) (3.6)
Jgen
dωgen
dt
= Γgen −Deq (ωgen − ω′blade)−Keq (θgen − θ′blade) (3.7)
where Γgen is the generator torque referred to the generator side, ωgen is the rotational
speed of the generator referred to the generator side, J ′blade and Jgen are the inertia
of the blades and generator referred to the generator side, and Deq and Keq are the
equivalent damping constant and stiffness of the shafts referred to the generator side.
Deq and Keq are calculated by
Deq =
D′bladeDgen
D′blade +Dgen
(3.8)
Keq =
K ′bladeKgen
K ′blade +Kgen
(3.9)
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where D′blade and Dgen are the damping constant of the blade and generator shafts
referred to the generator side, and K ′blade and Kgen are the stiffness of the blade and
generator shafts referred to the generator side.
3.1.2.3 Steady-State Model
In a steady-state condition, the derivatives of ωblade and ωgen in (3.6)-(3.7) are
set to zero. Hence, the aerodynamic and generator torques referred to the generator
side are equal with an opposite direction, i.e.,
Γ′aero = −Γgen (3.10)
3.1.3 Generator
As discussed earlier in this chapter, an FSWT employs a SCIG. Note that
the rotor of the SCIG is shorted. A WSWT and a DFIG wind turbine employ a
WRIG. For a WSWT, a variable external rotor resistor is connected to the rotor of
the WRIG. For a DFIG wind turbine, the rotor of the WRIG is connected to the grid
through a back-to-back converter. A full converter wind turbine can employ either
a synchronous generator or an induction generator. In this research, a permanent
magnet synchronous generator (PMSG) is used.
3.1.3.1 Induction Generator
An induction generator model can be classified into three types: electromag-
netic transient, electromechanical transient, and steady-state models.
Electromagnetic Transient Model: The electromagnetic transient model is a
complete model considering both stator and rotor transients. The equivalent circuits
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Figure 3.8: Electromagnetic transient model of an induction generator
in a qdo synchronous reference frame are shown in Fig. 3.8. The model equations are
as follows: [61, 62,66,70]
The voltage equations referring to the stator side in a qdo synchronous refer-
ence frame are given by
vqs = Rsiqs +
d
dt
λqs + ωsλds (3.11)
vds = Rsids +
d
dt
λds − ωsλqs (3.12)
vos = Rsios +
d
dt
λos (3.13)
vqr = Rriqr +
d
dt
λqr + (ωs − ωr)λdr (3.14)
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vdr = Rridr +
d
dt
λdr − (ωs − ωr)λqr (3.15)
vor = Rrior +
d
dt
λor (3.16)
where vqs, vds, and vos are the stator voltages in q-, d-, and o-axes; vqr, vdr, and vor
are the rotor voltages in q-, d-, and o-axes; iqs, ids, and ios are the stator currents
in q-, d-, and o-axes; iqr, idr, and ior are the rotor currents in q-, d-, and o-axes;
λqs, λds, and λos are the stator flux linkages in q-, d-, and o-axes; λqr, λdr, and λor
are the rotor flux linkages in q-, d-, and o-axes; Rs and Rr are the stator and rotor
resistances; and ωs is the synchronous speed.
The flux linkage equations referring to the stator side in a qdo synchronous
reference frame are given by
λqs = (Lls + Lm) iqs + Lmiqr (3.17)
λds = (Lls + Lm) ids + Lmidr (3.18)
λos = Llsios (3.19)
λqr = (Llr + Lm) iqr + Lmiqs (3.20)
λdr = (Llr + Lm) idr + Lmids (3.21)
λor = Llrior (3.22)
where Lm is the mutual or magnetizing inductance, and Lls and Llr are the stator
and rotor leakage inductances.
The torque equation referring to the stator side in a qdo synchronous reference
frame is given as
Γgen =
3
2
PLm (iqsidr − idsiqr) (3.23)
where P is the number of pole pairs.
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Electromechanical Transient Model: The electromechanical transient model is
a reduced model obtained by neglecting stator transients. This model is suitable for
power system stability studies [70]. The model consists of positive-, negative-, and
zero-sequence circuits. The model equations are as follows: [61,62,70]
The positive-sequence voltage and flux linkage equations referring to the stator
side in a qdo synchronous reference frame are given by
d
dt
E ′q1 = −
1
T ′ro
[
E ′q1 − (Xs −X ′s) ids1
]
− (ωs − ωr)E ′d1 (3.24)
d
dt
E ′d1 = −
1
T ′ro
[E ′d1 + (Xs −X ′s) iqs1] + (ωs − ωr)E ′q1 (3.25)
vqs1 = Rsiqs1 +X
′
sids1 + E
′
q1 (3.26)
vds1 = Rsids1 −X ′siqs1 + E ′d1 (3.27)
where iqs1 and ids1 are the positive-sequence stator currents in q- and d-axes, and vqs1
and vds1 are the positive-sequence stator voltages in q- and d-axes. E
′
q1, E
′
d1, Xs, X
′
s,
and T ′ro are defined as follows:
E ′q1 =
ωsLm
Llr + Lm
λdr1 (3.28)
E ′d1 = −
ωsLm
Llr + Lm
λqr1 (3.29)
Xs = ωs (Lls + Lm) (3.30)
X ′s = ωs
(
Lls +
LlrLm
Llr + Lm
)
(3.31)
T ′ro =
Llr + Lm
Rr
(3.32)
where λqr1 and λdr1 are the positive-sequence rotor flux linkages in q- and d-axes.
The positive-sequence voltage and flux linkage equations in (3.24)-(3.27) can
be written in a phasor form as follows:
d
dt
E ′1 = −
1
T ′ro
[E ′1 − j (Xs −X ′s) is1]− j (ωs − ωr)E ′1 (3.33)
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vs1 = (Rs + jX
′
s) is1 + E
′
1 (3.34)
where is1, vs1, and E
′
1 are defined as follows:
is1 = iqs1 − jids1 (3.35)
vs1 = vqs1 − jvds1 (3.36)
E ′1 = E
′
q1 − jE ′d1 (3.37)
The negative-sequence voltage and flux linkage equations referring to the stator
side in a qdo synchronous reference frame are given by
d
dt
E ′q2 = −
1
T ′ro
[
E ′q2 + (Xs −X ′s) ids2
]
− (−ωs − ωr)E ′d2 (3.38)
d
dt
E ′d2 = −
1
T ′ro
[E ′d2 − (Xs −X ′s) iqs2] + (−ωs − ωr)E ′q2 (3.39)
vqs2 = Rsiqs2 −X ′sids2 + E ′q2 (3.40)
vds2 = Rsids2 +X
′
siqs2 + E
′
d2 (3.41)
where iqs2 and ids2 are the negative-sequence stator currents in q- and d-axes, and
vqs2 and vds2 are the negative-sequence stator voltages in q- and d-axes. E
′
q2 and E
′
d2
are defined as follows:
E ′q2 = −
ωsLm
Llr + Lm
λdr2 (3.42)
E ′d2 =
ωsLm
Llr + Lm
λqr2 (3.43)
where λqr2 and λdr2 are the negative-sequence rotor flux linkages in q- and d-axes.
Xs, X
′
s, and T
′
ro are defined in (3.30)-(3.32)
The negative-sequence voltage and flux linkage equations in (3.38)-(3.41) can
be written in a phasor form as follows:
d
dt
E ′2 = −
1
T ′ro
[E ′2 − j (Xs −X ′s) is2] + j (−ωs − ωr)E ′2 (3.44)
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vs2 = (Rs + jX
′
s) is2 + E
′
2 (3.45)
where is2, vs2, and E
′
2 are defined as follows:
is2 = iqs2 + jids2 (3.46)
vs2 = vqs2 + jvds2 (3.47)
E ′2 = E
′
q2 + jE
′
d2 (3.48)
The zero-sequence voltage and flux linkage equations referring to the stator
side in a qdo synchronous reference frame are given by
d
dt
λr0 = −Rr
Llr
λr0 (3.49)
vs0 = (Rs + jXls) is0 (3.50)
where λr0 is the zero-sequence rotor flux linkage, is0 is the zero-sequence stator cur-
rent, and vs0 is the zero-sequence stator voltage. Xls is defined by
Xls = ωsLls (3.51)
The sequence equivalent circuits of the stator of an induction generator shown
in Fig. 3.9 are obtained from the stator equations in (3.34), (3.45), and (3.50).
The torque equation referring to the stator side in qdo synchronous reference
frame is given as
Γgen =
3
2
P
ωs
[(
E ′q1iqs1 + E
′
d1ids1 − E ′q2iqs2 − E ′d2ids2
)
+
(
E ′q1iqs2 − E ′d1ids2 − E ′q2iqs1 + E ′d2ids1
)
cos (2ωst)
+
(
E ′q1ids2 + E
′
d1iqs2 − E ′q2ids1 − E ′d2iqs1
)
sin (2ωst)
]
(3.52)
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Figure 3.9: Electromechanical transient model of the stator of an induction generator
Steady-State Model: The steady-state model is obtained by neglecting all dy-
namics, i.e., setting all derivative terms to be zero. The model consists of positive-,
negative-, and zero-sequence circuits. The sequence equivalent circuits are shown in
Fig. 3.10. The model equations are as follows:
The positive-sequence equations referring to the stator side are
Vs1 = (Rs + jXls) Is1 + jXm (Is1 + Ir1) (3.53)
Vr1 =
(
Rr
s1
+ jXlr
)
Ir1 + jXm (Ir1 + Is1) (3.54)
The negative-sequence equations referring to the stator side are
Vs2 = (Rs + jXls) Is2 + jXm (Is2 + Ir2) (3.55)
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Figure 3.10: Steady-state model of an induction generator
Vr2 =
(
Rr
s2
+ jXlr
)
Ir2 + jXm (Ir2 + Is2) (3.56)
The zero-sequence equations referring to the stator side are
Vs0 = (Rs + jXls) Is0 (3.57)
Vr0 = (Rr + jXlr) Ir0 (3.58)
Xls, Xlr, Xm, s1 and s2 are defined as
Xls = ωsLls (3.59)
Xlr = ωsLlr (3.60)
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Xm = ωsLm (3.61)
s1 =
ωs − ωr
ωs
(3.62)
s2 =
−ωs − ωr
−ωs (3.63)
The torque equation referring to the stator side is given as
Γgen = 3
PXm
ωs
< [j (I∗s1Ir1 − I∗s2Ir2)] (3.64)
3.1.3.2 Permanent Magnet Synchronous Generator
A PMSG model can be classified into three types: electromagnetic transient,
electromechanical transient, and steady-state models.
Electromagnetic Transient Model: The equivalent circuits of a PMSG in a qdo
rotor reference frame are shown in Fig. 3.11. The permanent magnet is represented
by a constant current source (If ). The model equations which neglect the dynamics
of damper windings are as follows: [61,62,66,70]
The voltage equations referring to the stator side in a qdo rotor reference frame
are given as follows:
vqs = Rsiqs +
d
dt
λqs + ωrλds (3.65)
vds = Rsids +
d
dt
λds − ωrλqs (3.66)
vos = Rsios +
d
dt
λos (3.67)
where vqs, vds, and vos are the stator voltages in q-, d-, and o-axes; iqs, ids, and ios are
the stator currents in q-, d-, and o-axes; λqs, λds, and λos are the stator flux linkages
in q-, d-, and o-axes; and Rs is the stator resistance.
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Figure 3.11: Electromagnetic transient model of a PMSG
The flux linkage equations referring to the stator side in a qdo rotor reference
frame are given as follows:
λqs = (Lls + Lqm) iqs (3.68)
λds = (Lls + Ldm) ids + λr (3.69)
λos = Llsios (3.70)
where Lqm and Ldm are the mutual or magnetizing inductance in q- and d-axes, Lls
is the stator leakage inductance, and λr is the rotor flux linkage which is defined by
λr = LdmIf (3.71)
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The torque equation referring to the stator side in a qdo synchronous reference
frame are given as follows:
Γgen =
3
2
P [λriqs + (Ldm − Lqm) idsiqs] (3.72)
where P is the number of pole pairs.
Electromechanical Transient Model: The electromechanical transient model of
a PMSG is the same as the electromagnetic transient model because the electromag-
netic transient model equations do not include the dynamics of damper windings that
affect a power system in an electromagnetic transient condition.
Steady-State Model: The equivalent circuits of a PMSG in a qdo rotor reference
frame are shown in Fig. 3.12. The model equations in a qdo rotor reference frame
are as follows: [61,62,66]
vqs = Rsiqs + ωr (Ldids + λr) (3.73)
vds = Rsids − ωrLqiqs (3.74)
vos = (Rs + jωrLls) ios (3.75)
where Lq and Ld are defined as follows:
Lq = Lls + Lqm (3.76)
Ld = Lls + Ldm (3.77)
The torque equation are the same as the torque for the electromagnetic tran-
sient model described in (3.72).
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Figure 3.12: Steady-state model of a PMSG
3.1.4 Converter
A converter is employed by DFIG and full converter wind turbines. For a
DFIG wind turbine, a converter connects the rotor of the WRIG to the grid. For a full
converter wind turbine, a converter connects the stator of the generator to the grid.
The converter employed by both types of wind turbines enables decoupling of real and
reactive power control. The real power control is used to obtain the maximum power
output from the wind turbine. Fig. 3.13 shows the maximum power point tracking
(MPPT) curve. For each wind speed, the real power output of the wind turbine is
regulated to match the MPPT curve. The reactive power control is used to regulate
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Figure 3.13: Maximum power point tracking curve
the reactive power output, power factor, or terminal voltage of the wind turbine.
Note that the control approaches for wind turbines are presented in [37, 40, 66]. The
converter is assumed to produce only positive-sequence current at the fundamental
frequency, and the harmonic currents are neglected. The converter model consists of
three models, i.e., electromagnetic transient, electromechanical transient, and steady-
state models.
3.1.4.1 Electromagnetic Transient Model
For an electromagnetic transient simulation, the converters are represented by
a current source model. The current of the current source model is controlled by the
same approach as the converter control. Since the real and reactive power output of
the wind turbines are independently controlled by the converter, the current of the
current source model are separated into the components on q- and d-axes. The q-axis
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current component is used to control the real power output of the wind turbine, while
the d-axis current component is used to control the reactive power output of the wind
turbine. Each current component is controlled by a PI controller similar to the PI
controller employed by the converter control.
3.1.4.2 Electromechanical Transient Model
Because the time scale of the converter control is close to the border between
the electromechanical and electromagnetic transient phenomena, the converter model
for electromechanical transient simulation is identical to the model for electromagnetic
transient simulation, i.e., the converter is represented by a current source model with
two PI controllers for real and reactive power controls.
3.1.4.3 Steady-State Model
Since DFIG and full converter wind turbines employs a converter to control
the real and reactive power output, the converters can be represented by a constant
power load in a steady-state condition. The real power of the constant power load
model is obtained from the real power control set point (MPPT curve), while the
reactive power of the constant power load model is obtained from the reactive power
control set point. Note that the power in the constant power load model is negative
because the wind turbines generates power.
3.2 Models of PVs
PV systems consist of PV arrays and inverters [71] as shown in Fig. 3.14.
Since PV is a DC source connected to an AC grid, inverters are employed to connect
PV arrays to the grid. The main advantage of the inverter is that it has an ability
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Figure 3.14: Block diagram of a PV
to perform an MPPT control. Because the power output of the PV varies with the
terminal voltage, the inverter is employed to perform the MPPT so that the PV
always generates the highest amount of power. However, if the voltages in the circuit
are too high, volt/watt control may be implemented to curtail the power output of
the PV [72]. In addition to the real power controls, the inverter also enables reactive
power controls. Hence, additional PV reactive power controls such as fixed power
factor, variable power factor, volt/var, and dynamic reactive current controls can
also be implemented [72–75].
A PV model consists of two major components, i.e., PV array and inverter.
Each component consists of its electromagnetic transient, electromechanical transient,
and steady-state models as described in the following sections.
3.2.1 PV Array
The PV array consists of PV cells which convert solar energy to electricity. In
order to increase the output voltage, PV cells are connected in series. In addition,
PV cells are connected in parallel to increase the output current.
The equivalent circuit of a PV cell is shown in Fig. 3.15 [65, 68, 76, 77]. Since
the series resistance (Rs), shunt resistance (Rp), and shunt capacitance (Cp) are very
small, they are neglected. Thus, the equivalent circuit of an ideal PV cell consists of
a current source and a diode. Note that the Shockley ideal diode equation is given
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Figure 3.15: Equivalent circuit of a PV cell
by
Id = I0
(
e
qVd
kT − 1
)
(3.78)
where Id is the diode current, Vd is the diode voltage, I0 is the reverse bias saturation
current, q is the electron charge, k is the Boltzmann’s constant, and T is the absolute
temperature. The output current of a PV cell is obtained as [65,68,69]
IPV = Isc − Id = Isc − I0
(
e
qVPV
kT − 1
)
(3.79)
where IPV is the output current of a PV cell, Isc is the short-circuit current of a PV
cell, and VPV is the output voltage of a PV cell. Fig. 3.16 shows the characteristic of
a PV cell with the reverse saturation current (I0) of 10
−10 A and at 25◦C. For each
PV curve in Fig. 3.16, there is a maximum power point as shown in Fig. 3.17. The
maximum power output of PV is almost proportional to the short-circuit current of
the PV as presented in Fig. 3.18. Note that the short-circuit current of the PV is
proportional to the solar irradiance.
Because (3.79) has no dynamics, the electromagnetic transient, electromechan-
ical transient, and steady-state models of PV arrays are identical. Note that the shunt
capacitance (Cp) is neglected.
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Figure 3.16: Characteristic of a PV cell
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Figure 3.17: Power output of a PV cell
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Figure 3.18: Maximum power output of a PV cell
3.2.2 Inverter
Since PV is a DC source, but the grid is an AC circuit, PVs employ inverters
to connect their PV arrays to the grid. The inverter is also used to control the real
and reactive power output of the PV independently. The inverter model consists of
three models for three time scales, i.e., electromagnetic transient, electromechanical
transient, and steady-state models. The PV inverter models are similar to the models
of wind turbine converters.
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Chapter 4
Multi-Time-Scale Approach for Distribution
Circuit Simulation
This chapter describes the multi-time-scale simulation approach for distribu-
tion circuits with wind turbines and PVs. The following sections present the develop-
ment of the steady-state, electromechanical transient, and electromagnetic transient
models for each type of wind turbine and PV, followed by the integration of single-
time-scale models into the multi-time-scale simulation, i.e., the approaches to deter-
mine which single-time-scale model to use in the multi-time-scale simulation, when
to use each single-time-scale model, and when to switch to another single-time-scale
model.
4.1 Single-Time-Scale Simulation Models
This section describes the approaches to develop the single-time-scale sim-
ulation models of distribution circuits with wind turbines and PVs. The steady-
state, electromechanical transient, and electromagnetic transient models of each cir-
cuit equipment are developed based on the equations described earlier in Chapters
2 and 3. The circuit equipment that have fixed impedances or admittances (feeders,
transformers, capacitor banks, and constant impedance loads) are connected to each
other and form a distribution network represented by a nodal admittance matrix. The
circuit equipment that contain voltage or current sources or have variable impedances
or admittances (constant power loads, wind turbines, and PVs) are represented by
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Figure 4.1: Interface of distribution network, wind turbine, and PV models
voltage or current sources connected to the distribution network as shown in Fig. 4.1.
The following sections describe the approaches to connect the wind turbine and PV
models to the distribution network models for quasi-steady-state, electromechanical
transient, and electromagnetic transient simulations.
4.1.1 Steady-State Model
This section describes steady-state models for each type of wind turbine and
PVs. The wind turbine and PV models obtain the terminal voltages from the distri-
bution network model and feed the generator currents back to the network model as
shown in Fig. 4.2. The network solution is obtained by using fixed-point iteration
as follows: First, Phase A, B, and C voltages at the terminal of the wind turbines
and PVs are estimated to be the voltage results obtained from previous simulation.
If the previous simulation results are not available, the voltages for Phases A, B, and
C are assumed to be 1 6 0◦, 1 6 − 120◦, and 1 6 120◦ pu, respectively. Then, the wind
turbine currents are calculated from the wind turbine model, and the PV currents
are calculated from the PV model. After that, the wind turbine and PV voltages are
calculated from the network equation (nodal admittance matrix). The calculations
are repeated until the wind turbine and PV voltages and currents converge. Finally,
the remaining voltages and currents at the other nodes are calculated using the nodal
admittance matrix.
The approaches to calculate the wind turbine and PV currents from each type
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of wind turbine and PV models are described as follows:
4.1.1.1 FSWT Model
An FSWT consists of a SCIG directly connected to the distribution circuit.
The block diagram presenting the calculation process for the steady-state model of an
FSWT is shown in Fig. 4.3. As can be seen from the figure, the inputs of the steady-
state model of an FSWT are wind speed (vwind), pitch angle (θ), stator voltage (Vs1,
Vs2, and Vs0), and initial slip (s1,init and s2,init). The model calculates stator and rotor
currents (Is1, Is2, Is0, Ir1, Ir2, and Ir0) by using (3.53)-(3.58). Note that rotor voltage
(Vr1, Vr2, and Vr0) is zero for a SCIG. The generator torque (Γgen) is calculated by
using (3.64), and the aerodynamic torque (Γaero) is calculated by using (3.1)-(3.5). If
the generator torque matches the aerodynamic torque, i.e., |Γ′aero − Γgen| ≤ Γerror,max,
the output stator current will be fed to the distribution network model. However, if
the generator torque does not match the aerodynamic torque, i.e., |Γ′aero − Γgen| >
Γerror,max, the FSWT model will approximate new slip by
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Figure 4.3: Block diagram for the steady-state model of an FSWT
s1,new = s1,old + k (Γ
′
aero − Γgen) (4.1)
where k is a constant (positive) chosen so that the results converge. Then, the FSWT
model recalculates the currents and torques. The iteration process is repeated until
the results converge.
4.1.1.2 WSWT Model
A WSWT consists of a WRIG with an external rotor resistor. The generator
is directly connected to the distribution circuit. The block diagram presenting the
calculation process for the steady-state model of a WSWT is shown in Fig. 4.4.
As can be seen from the figure, the WSWT model is similar to the FSWT model.
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Figure 4.4: Block diagram for the steady-state model of a WSWT
However, the rotor resistance is the combination of the resistance of the rotor winding
(Rr) and the external rotor resistance (Rr,ext). When wind speed is lower than the
rated speed, the external rotor resistance is set to zero. However, when wind speed is
higher than the rated speed, the external rotor resistance is set to obtain rated power
(Prated). The external rotor resistance is calculated as follows: From the equivalent
circuit of a WRIG in Fig. 4.5, the positive-sequence real power produced by the
WSWT is given by
81
1sI 1rI


1sV
sR 1
,
s
RR extrr 
lsX lrX
mX
Figure 4.5: Positive-sequence steady-state model of a WRIG
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Figure 4.6: Positive-sequence Thevenin equivalent circuit of a WRIG stator
Ps1 = 3 |Ir1|2 Rr +Rr,ext
s1
+ 3 |Is1|2Rs (4.2)
where Ps1 is the positive-sequence real power at the stator. The external rotor re-
sistance is set so that the real power produced by the WSWT is equal to the rated
power. Thus,
Prated = Ps1 = 3 |Ir1|2 Rr +Rr,ext
s1
+ 3 |Is1|2Rs (4.3)
Note that the negative-sequence real power is much smaller than the positive-sequence
real power. Hence, the negative-sequence real power is neglected in (4.3). The equiv-
alent circuit of a WRIG in Fig. 4.5 can be simplified by using a Thevenin equivalent
circuit to represent the stator circuit as shown in Figs. 4.6 and 4.7. According to Fig.
4.7, the rotor current in (4.2) and (4.3) is calculated by
Ir1 = − Vth
Rth + jXth +
Rr+Rr,ext
s1
+ jXlr
(4.4)
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Figure 4.7: Simplified positive-sequence steady-state model of a WRIG
where the Thevenin voltage (Vth), resistance (Rth), and reactance (Xth) in (4.4) and
(4.8) are calculated from Fig. 4.6 as follows:
Vth =
jXmVs1
Rs + jXls + jXm
(4.5)
Rth = <
[
(Rs + jXls) jXm
Rs + jXls + jXm
]
(4.6)
Xth = =
[
(Rs + jXls) jXm
Rs + jXls + jXm
]
(4.7)
The stator current in (4.2) and (4.3) is calculated from the equivalent circuit in Fig.
4.5 as follows:
Is1 = − jXmRr+Rr,ext
s1
+ jXlr + jXm
Ir1 (4.8)
By solving (4.3), the external resistance when wind speed is higher than the rated
speed is
Rr,ext,new = −s1
(3 |Vth|2
2Prated
+Rth
)2
−R2th − (Xth +Xlr)2
+
3Rs
{
(Xm +Xlr)
2 +
(
Rr+Rr,ext,old
s1
)2} |Vth|2
X2mPrated

1
2
− s1
(
3 |Vth|2
2Prated
+Rth
)
−Rr (4.9)
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The external rotor resistance is then used to calculate stator and rotor currents. If
the generator torque matches the aerodynamic torque, i.e., |Γ′aero − Γgen| ≤ Γerror,max,
the output stator current will be fed to the distribution network model. However, if
the generator torque does not match the aerodynamic torque, i.e., |Γ′aero − Γgen| >
Γerror,max, the WSWT model will approximate new slip by
s1,new = s1,old − k (Γ′aero − Γgen) (4.10)
where k is a constant (positive) chosen so that the results converge. Notice the minus
sign in front of the torque error. Then, the WSWT model recalculates the external
resistance, currents, and torques. The iteration process is repeated until the results
converge.
4.1.1.3 DFIG and Full Converter Wind Turbine Model
The DFIG wind turbine consists of a WRIG and a converter. The stator
winding of the WRIG is directly connected to the distribution circuit, while the rotor
winding is connected to the distribution circuit through a converter. The full converter
wind turbine consists of a generator connected to the distribution circuit through a
converter. The converter employed by both wind turbines enables decoupling of
real and reactive power controls. Since both DFIG and full converter wind turbines
employs a converter to control the real and reactive power output, both wind turbines
can be represented by a constant power load in a steady-state condition. The block
diagram presenting the calculation process for the steady-state model of DFIG and
full converter wind turbines is shown in Fig. 4.8. As can be seen from the figure, the
inputs of the model are real power reference (Pref ), reactive power reference (Qref ),
and terminal voltage of the wind turbine (V1). The real power reference of the model is
obtained from the maximum power tracking (real power control), while the reactive
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Figure 4.8: Block diagram for the steady-state model of DFIG and full converter wind
turbines
power reference of the model is obtained from the reactive power control. Note
that the real power reference in the constant power load model is negative because
the wind turbines generates power. Because the converter produces only positive-
sequence current, only positive-sequence voltages of the wind turbine are needed in
the model. The constant power load model calculates the wind turbine currents from
the real and reactive power references and terminal voltage as follows:
I1 = −Pref − jQref
3V ∗1
(4.11)
where I1 is the current flowing out of the wind turbine. Note that Pref and Qref
are negative when the wind turbine produces real and reactive power. The wind
turbine output current obtained from the constant power load model will be fed to
the distribution network model.
4.1.1.4 PV Model
PV consists of PV arrays connected to the distribution circuit via inverters.
The inverters enables decoupling of real and reactive power controls. The real power
output of the PV is controlled by the maximum power tracking approach (real power
control), and the reactive power output of the PV is controlled by the reactive power
control. The characteristic of PVs depends on the inverter real and reactive power
85
Calculate I 
from (4.11)
V1
I1
Pref Qref
Calculate Pref 
from MPPT curve
Isolar
Figure 4.9: Block diagram for the steady-state model of a PV
controls, so PVs are modeled as a constant power load (Fig. 4.9) in a steady-state
condition, similar to the steady-state model of DFIG and full converter wind turbines.
The real and reactive power of the constant power load model is obtained from the
set point of the controls. Note that the power in the constant power load model is
negative because the PV generates power.
4.1.2 Electromechanical Transient Model
This section describes electromechanical transient models for each type of wind
turbine and PV. The wind turbine and PV models consist of differential and algebraic
equations. The differential equations are solved by the Runge-Kutta method (RK4),
the linear algebraic equations are combined with the nodal admittance equation of the
distribution network, and the nonlinear algebraic equations are solved by fixed-point
iteration similar to the calculation approach for the steady-state simulation shown in
Fig. 4.2. Note that the voltages and currents are recalculated every time step of the
electromechanical transient simulation.
4.1.2.1 FSWT Model
The block diagram for the electromechanical transient model of an FSWT is
shown in Fig. 4.10. The electromechanical transient model of an FSWT employs
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Figure 4.10: Block diagram for the electromechanical model of an FSWT
the reduced model of an induction generator described in (3.24)-(3.52). Because the
stator transients of the induction generator are neglected, the stator equations in
(3.34), (3.45), and (3.50) are algebraic equations and therefore can be included in the
nodal admittance matrix of the distribution network. The positive-, negative-, and
zero-sequence stator equations in (3.34), (3.45), and (3.50) can be written in a nodal
admittance matrix form as follows:
is0
is1
is2
+ 1Rs + jX ′s

0
E ′1
E ′2
 =

1
Rs+jXls
0 0
0 1
Rs+jX′s
0
0 0 1
Rs+jX′s


vs0
vs1
vs2
 (4.12)
Converting the positive-, negative-, and zero-sequence stator currents and voltages to
Phase A, B, and C stator currents and voltages yields
isa
isb
isc
+ 1Rs + jX ′s

E ′1 + E
′
2
a2E ′1 + aE
′
2
aE ′1 + a
2E ′2

=

1
Rs+jXls
+ 2
Rs+jX′s
1
Rs+jXls
− 1
Rs+jX′s
1
Rs+jXls
− 1
Rs+jX′s
1
Rs+jXls
− 1
Rs+jX′s
1
Rs+jXls
+ 2
Rs+jX′s
1
Rs+jXls
− 1
Rs+jX′s
1
Rs+jXls
− 1
Rs+jX′s
1
Rs+jXls
− 1
Rs+jX′s
1
Rs+jXls
+ 2
Rs+jX′s


vsa
vsb
vsc
 (4.13)
The stator equation in (4.13) will be added to the nodal admittance equation of the
distribution network.
4.1.2.2 WSWT Model
The block diagram for the electromechanical transient model of a WSWT is
shown in Fig. 4.11. Like an FSWT model, an electromechanical transient model of a
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Figure 4.11: Block diagram for the electromechanical model of a WSWT
WSWT employs the reduced model of an induction generator. When wind speed is
below the rated speed, external rotor resistance is set to zero. However, when wind
speed is above the rated speed, the value of the external rotor resistance is calculated
by using a PI controller as shown in Fig. 4.11. According to the figure, the difference
between the rated power and the measured real power is fed to the PI controller. The
PI controller then calculates the external rotor resistance as follows:
Rr,ext = Rr,ext,p +Rr,ext,i (4.14)
Rr,ext,p = Kp,r (Prated − Pgen) (4.15)
d
dt
Rr,ext,i = Ki,r (Prated − Pgen) (4.16)
where Prated is the rated real power of the wind turbine, Pgen is the real power pro-
duced by the wind turbine, and Kp,r and Ki,r are the proportional and integral gains of
the PI controller. The external rotor resistance is combined with the rotor resistance
in the induction generator model.
4.1.2.3 DFIG and Full Converter Wind Turbine Model
In order to connect the generator of the DFIG and full converter wind turbines
to the distribution network, a converter is employed. Since the converter is used to
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Figure 4.12: Block diagram for the electromechanical model of DFIG and full con-
verter wind turbines
control the real and reactive power output of the wind turbine, the characteristic of the
wind turbines depends on the control approaches used by the converter. As a result,
for an electromechanical transient simulation, both wind turbines are represented
by a current source model with the current controlled by the same approach as the
converter controls. The block diagram for the electromechanical transient model of
DFIG and full converter wind turbines is shown in Fig. 4.12. In order to control
real and reactive power output of the wind turbines independently, the current of the
current source model are separated into the components on q- and d-axes. Using the
decoupled real and reactive power control approach, the real and reactive power of
the wind turbines are obtained by
Pgen =
3
2
vqiq (4.17)
Qgen =
3
2
vqid (4.18)
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where Pgen and Qgen are the real and reactive power produced by the wind turbine,
iq and id are the wind turbine currents in q- and d-axes, and vq is the wind turbine
voltage in q-axis. Note that the wind turbine voltage in d-axis (vd) is zero. From
(4.17) and (4.18), the q-axis current component is used to control the real power
output of the wind turbine, while the d-axis current component is used to control the
reactive power output of the wind turbine. Each current component is controlled by
a PI controller similar to the PI controller employed by the converter control. The
equations for the control are as follows:
iq = iq,p + iq,i (4.19)
iq,p = Kp,p (Pref − Pgen) (4.20)
d
dt
iq,i = Ki,p (Pref − Pgen) (4.21)
id = id,p + id,i (4.22)
id,p = Kp,q (Qref −Qgen) (4.23)
d
dt
id,i = Ki,q (Qref −Qgen) (4.24)
where Pref and Qref are the reference real and reactive power of the wind turbine,
Kp,p and Ki,p are the proportional and integral gains of the real power controller, and
Kp,q and Ki,q are the proportional and integral gains of the reactive power controller.
4.1.2.4 PV Model
PV arrays are connected to the distribution circuit through inverters. The
inverter is used to control the real and reactive power output of PVs, similar to the
converter of DFIG and full converter wind turbines. Thus, the PV model for an
electromechanical transient simulation is a current source model (Fig. 4.13) with the
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Figure 4.13: Block diagram for the electromechanical model of a PV
current controlled by the same approach as the converter control employed by DFIG
and full converter wind turbines, i.e., the q-axis current is used to control the real
power output of the PV, and the d-axis current is used to control the reactive power
output of the PV. Note that the real and reactive power of three-phase PVs can be
calculated by (4.17) and (4.18). However, the real and reactive power of single-phase
PVs are given by
Pgen =
1
2
vqiq (4.25)
Qgen =
1
2
vqid (4.26)
4.1.3 Electromagnetic Transient Model
This section describes electromagnetic transient models for each type of wind
turbine and PV. The differential equations of the wind turbine and PV models are
integrated and converted to algebraic equations via trapezoidal method. The linear
algebraic equations are combined with the nodal admittance equation of the distribu-
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electromagnetic transient simulation
tion network, and the nonlinear algebraic equations are solved by fixed-point iteration
similar to the calculation approach for the steady-state simulation (Fig. 4.14). Note
that the voltages and currents are recalculated every time step of the electromagnetic
transient simulation.
4.1.3.1 FSWT Model
The electromagnetic transient model of an FSWT employs the full model of
an induction generator described in (3.11)-(3.22). Since the simulation time is very
short, the slip of the generator is assumed to be constant during the electromag-
netic transient simulation. The voltage equations and flux linkage equations for an
induction generator in (3.11)-(3.22) are combined and represented by
d
dt
iqs = −Rs
L′s
iqs +
Rrkr
L′s
iqr − ωs
σ
[(ids + ksidr)− s1ks (idr + krids)] + 1
L′s
vqs − 1
L′m
vqr
(4.27)
d
dt
ids = −Rs
L′s
ids +
Rrkr
L′s
idr +
ωs
σ
[(iqs + ksiqr)− s1ks (iqr + kriqs)] + 1
L′s
vds − 1
L′m
vdr
(4.28)
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ddt
ios = −Rs
Lls
ios +
1
Lls
vos (4.29)
d
dt
iqr = −Rr
L′r
iqr +
Rsks
L′r
iqs − ωs
σ
[s1 (idr + krids)− kr (ids + ksidr)] + 1
L′r
vqr − 1
L′m
vqs
(4.30)
d
dt
idr = −Rr
L′r
idr +
Rsks
L′r
ids +
ωs
σ
[s1 (iqr + kriqs)− kr (iqs + ksiqr)] + 1
L′r
vdr − 1
L′m
vds
(4.31)
d
dt
ior = −Rr
Llr
ior +
1
Llr
vor (4.32)
where L′s, L
′
r, L
′
m, ks, kr, and σ are defined as follows:
L′s = Lls +
LlrLm
Llr + Lm
(4.33)
L′r = Llr +
LlsLm
Lls + Lm
(4.34)
L′m = Lls + Llr +
LlsLlr
Lm
(4.35)
ks =
Lm
Lls + Lm
(4.36)
kr =
Lm
Llr + Lm
(4.37)
σ = 1− L
2
m
(Lls + Lm) (Llr + Lm)
(4.38)
The combined equations in (4.27)-(4.32) can be written in a vector form as
d
dt
I = f (I) + g (V ) (4.39)
where f and g are functions of the induction generator currents (I) and voltages (V ),
respectively. The induction generator currents (I) and voltages (V ) are defined as
follows:
I =

iqs
ids
ios
iqr
idr
ior

(4.40)
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V =

vqs
vds
vos
vqr
vdr
vor

(4.41)
Integrating (4.39) by trapezoidal method yields
I (t) = I (t−∆t) + ∆t
2
[f (I (t)) + g (V (t)) + f (I (t−∆t)) + g (V (t−∆t))] (4.42)
Rearranging (4.42) to describe the relation between the node voltage and injected
current results in
I (t) =
∆t
2
g (V (t)) + Ih (t−∆t) (4.43)
where the history term is defined as
Ih (t−∆t) = I (t−∆t) + ∆t
2
[f (I (t)) + f (I (t−∆t)) + g (V (t−∆t))] (4.44)
The current I (t−∆t) in (4.44) is calculated by using (4.43) as follows:
I (t−∆t) = ∆t
2
g (V (t−∆t)) + Ih (t− 2∆t) (4.45)
The current I (t) in (4.44) is calculated by using the Euler method as follows:
I (t) = I (t−∆t) + ∆t [f (I (t−∆t)) + g (V (t−∆t))] (4.46)
Substituting I (t−∆t) and I (t) from (4.45) and (4.46) into (4.44) yields
Ih (t−∆t) = Ih (t− 2∆t) + ∆t
2
[F1 + F2 + 2g (V (t−∆t))] (4.47)
where F1 and F2 are defined as
F1 = f (I (t−∆t)) = f
(
Ih (t− 2∆t) + ∆t
2
g (V (t−∆t))
)
(4.48)
F2 = f (I (t)) = f
(
Ih (t− 2∆t) + ∆t
2
[2F1 + 3g (V (t−∆t))]
)
(4.49)
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4.1.3.2 WSWT Model
Like an FSWT model, an electromagnetic transient model of a WSWT em-
ploys (4.43) and (4.47). Since the simulation time is very short, the external rotor
resistance, in addition to the slip, is assumed to be constant during the electromag-
netic transient simulation. Thus, the external rotor resistance is set to its steady-state
value calculated right before the electromagnetic transient simulation starts.
4.1.3.3 DFIG and Full Converter Wind Turbine Model
The model of DFIG and full converter wind turbines in an electromagnetic
transient condition is similar to the model for an electromechanical transient sim-
ulation, i.e., the wind turbines are represented by a current source with decoupled
real and reactive power controls. However, the equations for the PI controllers are
integrated via the trapezoidal method as follows:
For the real power control, the PI controller calculates the q-axis current by
iq (t) = Kp,p
[
Pref − 3
2
vq (t) iq (t)
]
+Ki,p
∫ t
t−∆t
[
Pref − 3
2
vq (t) iq (t)
]
dt
+ iq (t−∆t)−Kp,p
[
Pref − 3
2
vq (t−∆t) iq (t−∆t)
]
(4.50)
Applying the trapezoidal method yields
iq (t) =
(
Kp,p +
Ki,p∆t
2
) [
Pref − 3
2
vq (t) iq (t)
]
+ i′q (t−∆t) (4.51)
Hence, the q-axis current is calculated by
iq (t) =
(
Kp,p +
Ki,p∆t
2
)
Pref + i
′
q (t−∆t)
1 + 3
2
(
Kp,p +
Ki,p∆t
2
)
vq (t)
(4.52)
where the history term is defined as
i′q (t−∆t) = iq (t−∆t)−
(
Kp,p − Ki,p∆t
2
) [
Pref − 3
2
vq (t−∆t) iq (t−∆t)
]
(4.53)
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Substituting vq (t−∆t) from (4.51) into (4.53) yields
i′q (t−∆t) =
Kp,p − Ki,p∆t2
Kp,p +
Ki,p∆t
2
i′q (t− 2∆t) +
1− Kp,p − Ki,p∆t2
Kp,p +
Ki,p∆t
2
 iq (t−∆t) (4.54)
For the reactive power control, the PI controller calculates the d-axis current
by
id (t) = Kp,q
[
Qref − 3
2
vq (t) id (t)
]
+Ki,q
∫ t
t−∆t
[
Qref − 3
2
vq (t) id (t)
]
dt
+ id (t−∆t)−Kp,q
[
Qref − 3
2
vq (t−∆t) id (t−∆t)
]
(4.55)
Applying the trapezoidal method yields
id (t) =
(
Kp,q +
Ki,q∆t
2
) [
Qref − 3
2
vq (t) id (t)
]
+ i′d (t−∆t) (4.56)
Hence, the d-axis current is calculated by
id (t) =
(
Kp,q +
Ki,q∆t
2
)
Qref + i
′
d (t−∆t)
1 + 3
2
(
Kp,q +
Ki,q∆t
2
)
vq (t)
(4.57)
where the history term is defined as
i′d (t−∆t) = id (t−∆t)−
(
Kp,q − Ki,q∆t
2
) [
Qref − 3
2
vq (t−∆t) id (t−∆t)
]
(4.58)
Substituting vq (t−∆t) from (4.56) into (4.58) yields
i′d (t−∆t) =
Kp,q − Ki,q∆t2
Kp,q +
Ki,q∆t
2
i′d (t− 2∆t) +
1− Kp,q − Ki,q∆t2
Kp,q +
Ki,q∆t
2
 id (t−∆t) (4.59)
Since the simulation time is very short, the reference real and reactive power
as well as the q-axis voltage in (4.52) and (4.57) are assumed to be constant during
the electromagnetic transient simulation.
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4.1.3.4 PV Model
The PV model for an electromagnetic transient simulation is a current source
model, similar to the PV model for an electromechanical transient simulation. How-
ever, the trapezoidal method is used to integrate the equations for the PI controllers,
similar to the model of DFIG and full converter wind turbines in an electromagnetic
transient condition. Note that the real and reactive power of three-phase PVs can be
calculated by (4.17) and (4.18), and the q- and d-axes currents of three-phase PVs
are the same as those in (4.52) and (4.57). However, the real and reactive power of
single-phase PVs can be calculated by (4.25) and (4.26). By following the similar
calculation approach for DFIG and full converter wind turbines, the q- and d-axes
currents of single-phase PVs are calculated by
iq (t) =
(
Kp,p +
Ki,p∆t
2
)
Pref + i
′
q (t−∆t)
1 + 1
2
(
Kp,p +
Ki,p∆t
2
)
vq (t)
(4.60)
id (t) =
(
Kp,q +
Ki,q∆t
2
)
Qref + i
′
d (t−∆t)
1 + 1
2
(
Kp,q +
Ki,q∆t
2
)
vq (t)
(4.61)
The history terms are the same as those described in (4.54) and (4.59).
Like the DFIG and full converter wind turbine model, the reference real and
reactive power as well as the q-axis voltage in (4.60) and (4.61) are also assumed to
be constant.
4.2 Model Selection and Switching between Models
The multi-time-scale simulation tool consists of three single-time-scale models,
i.e., steady-state, electromechanical transient, and electromagnetic transient models.
This section describes the integration of three single-time-scale models into the multi-
time-scale simulation including the approaches to determine which single-time-scale
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Table 4.1: Selected models for sample disturbances
Sample disturbance Selected model
Wind and solar variation Steady-state
Fault Electromechanical transient
Capacitor switching Electromagnetic transient
model to use in the multi-time-scale simulation, when to use each single-time-scale
model, and when to switch to another single-time-scale model.
The single-time-scale models are pre-selected according to the types of each
disturbance (Table 4.1) occur in the distribution circuit before the simulation starts.
Fig. 4.15 shows the sample time line for a multi-time-scale simulation with multiple
disturbances. The sequence of the single-time-scale models used in the multi-time-
scale simulation in Fig. 4.15 is summarized in Fig. 4.16. As shown in Fig. 4.16, the
multi-time-scale simulation involves switching between two single-time-scale model,
i.e., between the steady-state and electromechanical transient models, and between
the steady-state and electromagnetic transient models. In order to smoothly switch
between two single-time-scale models, the energy stored in each storage element (in-
ductor, capacitor, inertia, and spring) in both single-time-scale models must be the
same. This condition suggests that the voltages, currents, torques, and rotational
speeds of every elements must be the same before and after switching between the
models. This condition also implies that when the simulation switches from the
steady-state model to the electromechanical or electromagnetic transient models or
vice versa, the electromechanical or electromagnetic transient models must rest in a
steady-state condition, i.e., the electromechanical or electromagnetic transients have
already died down.
The simulation is performed by the steady-state model when quasi-steady-
state disturbances such as wind speed and solar irradiance variations occur. Wind
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Figure 4.16: Multi-time-scale simulation diagram
speed and solar irradiance variations are considered as quasi-steady-state disturbances
because the typical resolution of wind speed and solar irradiance data is much longer
than the transient period.
The electromechanical transient model is used to simulate electromechanical
transient disturbances such as short-circuit faults. The simulation starts by per-
forming a steady-state simulation at the time right before the disturbance occurs.
Then, the steady-state results are used to initialize the electromechanical transient
model. Thus, the electromechanical transient simulation begins from the last quasi-
steady-state condition before the disturbance occurs. When the disturbance occurs,
the electromechanical transient model is used to obtain the simulation results in the
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electromechanical transient period. When the power system reaches steady-state,
the electromechanical transient results at the last time step are used to initialize the
steady-state model so that the system conditions before and after switching are the
same.
For electromagnetic transient disturbances such as capacitor switching, the
steady-state model is used first to obtain results at the last quasi-steady-state con-
dition before the disturbance occurs. Then, the steady-state results are used to
initialize the electromagnetic transient model. Therefore, the electromagnetic tran-
sient simulation starts from the quasi-steady-state condition at the time right before
the disturbance occurs. When the disturbance occurs, the electromagnetic transient
model is used to simulate results in the electromagnetic transient period. After the
electromagnetic transient dies down and the system reaches a steady-state condition,
the electromagnetic transient results are used to initialize the steady-state model so
that the system conditions before and after switching are the same.
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Chapter 5
Simulation of Distribution Circuits
This chapter describes the case studies for the multi-time-scale simulations
including the test circuits, simulation results, and discussions. The models of dis-
tribution circuits including wind turbines and PVs are developed in MATLABTM.
Quasi-steady-state and multi-time-scale simulations are performed for four types of
renewable energy sources, i.e., an FSWT, a WSWT, DFIG and full converter wind
turbines, and a PV.
5.1 Test Circuits
This section describes the test circuits used to evaluate the performance of
the multi-time-scale simulation. There are two test circuits used in this research: the
four-node test circuit for wind turbine simulations and the three-node test circuit for
PV simulations.
5.1.1 Four-Node Test Circuit for Wind Turbine Simulation
The test circuit used for the wind turbine simulations is modified from IEEE
four-node test feeder [78]. The one-line diagram of the four-node test circuit is shown
in Fig. 5.1.
The test circuit is a four-node unbalanced distribution circuit consisting of
a 12.47-kV infinite bus, two unbalanced four-wire distribution lines, a 6-MVA three-
phase wye-grounded and wye-grounded transformer, a 0.7-Mvar three-phase capacitor
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Infinite Bus 
12.47 kV
Wind Turbine
Ungrounded
0.69 kV, 1.5 MW
Transformer
Wye Grounded – 
Wye Grounded
12.47/0.69 kV
6 MVA
X = 6 %, X/R = 2Line 1
2000 feet 
Unbalanced
Line 2
2500 feet 
Unbalanced
Capacitor Bank 
0.7 Mvar
Figure 5.1: One-line diagram of the four-node test circuit for wind turbine simulations
bank, and a 1.5-MW ungrounded wind turbine. Line 1 is connected to the infinite bus
and the transformer while Line 2 is connected to the transformer and the wind turbine.
The capacitor bank is connected to the low voltage side of the transformer. The
wind turbine consists of FSWTs, WSWTs, DFIG wind turbines, and full converter
wind turbines. The radius of the wind turbine blade is 36 m, and the air density is
1.225 kg/m2. The parameters of the mechanical system are given in Table 5.1. The
ratings of the wind turbine generators of the wind turbine are 1.8 MVA and 690 V.
The generators have six poles (three pole pairs). The parameters of the SCIG and
WRIG are shown in Tables 5.2 and 5.3, respectively. The transformer resistance and
reactance are 3 % and 6 %, respectively. The lengths of Lines 1 and 2 are 2000 and
2500 feet, respectively. The series resistance, series reactance, and shunt admittance
matrices of Lines 1 and 2 are
rl1 =

0.4013 0.0953 0.0953 0.0953
0.0953 0.4013 0.0953 0.0953
0.0953 0.0953 0.4013 0.0953
0.0953 0.0953 0.0953 0.6873
Ω/mile (5.1)
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Table 5.1: Parameters of the mechanical system
Parameters Blade Generator
Inertia (kgm2) 4940500 82.62
Shaft damping constant (Nms/rad) 13446 30.48
Shaft spring constant (Nm/rad) 97789000 2930000
Gear ratio 70.2 1
Table 5.2: Parameters of the SCIG
Parameters Resistance Reactance
Stator impedance (pu) 0.00540 0.102
Rotor impedance (pu) 0.00607 0.110
Magnetizing impedance (pu) 0 4.362
xl1 =

j1.4133 j0.8515 j0.7266 j0.7524
j0.8515 j1.4133 j0.7802 j0.7865
j0.7266 j0.7802 j1.4133 j0.7674
j0.7524 j0.7865 j0.7674 j1.5465
Ω/mile (5.2)
yl1 =

j5.6711 −j1.8362 −j0.7033 −j0.8450
−j1.8362 j5.9774 −j1.1690 −j1.0745
−j0.7033 −j1.1690 j5.3910 −j1.0805
−j0.8450 −j1.0745 −j1.0805 j5.3411
µS/mile (5.3)
rl2 =

0.01104 0.00262 0.00262 0.00262
0.00262 0.01104 0.00262 0.00262
0.00262 0.00262 0.01104 0.00262
0.00262 0.00262 0.02062 0.01891
Ω/mile (5.4)
xl2 =

j0.03888 j0.02343 j0.01999 j0.02070
j0.02343 j0.03888 j0.02146 j0.02164
j0.01999 j0.02146 j0.03888 j0.02111
j0.02070 j0.02164 j0.02111 j0.04255
Ω/mile (5.5)
yl2 =

j0.20614 −j0.06674 −j0.02556 −j0.03071
−j0.06674 j0.21727 −j0.04249 −j0.03906
−j0.02556 −j0.04249 j0.19596 −j0.03927
−j0.03071 −j0.03906 −j0.03927 j0.19414
mS/mile (5.6)
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Table 5.3: Parameters of the WRIG
Parameters Resistance Reactance
Stator impedance (pu) 0.00473 0.0802
Rotor impedance (pu) 0.02389 0.0476
Magnetizing impedance (pu) 0 6.8318
Infinite Bus 
12.47 kV
Single-Phase PV
0.24 kV, 5 kW
Transformer
Wye Grounded – 
Delta Center Tapped
12.47/0.24/0.12 kVLine
5 miles 
Unbalanced
Single-Phase 
Loads
Capacitor Bank 
150 kvar
Figure 5.2: One-line diagram of the three-node test circuit for PV simulations
where rl1 and rl2 are the series resistance matrices of Lines 1 and 2, xl1 and xl2 are the
series reactance matrices of Lines 1 and 2, and yl1 and yl2 are the shunt admittance
matrices of Lines 1 and 2. Note that the matrices rl1, xl1, yl1, rl2, xl2, and yl2 are not
symmetrical because Lines 1 and 2 are unbalanced.
5.1.2 Three-Node Test Circuit for PV Simulation
The test circuit used for the PV simulations is modified from IEEE four-node
test feeder [79–82]. The one-line diagram of the three-node test circuit is shown in
Fig. 5.2.
The test circuit is a three-node unbalanced distribution circuit consisting of
a 12.47-kV infinite bus, an unbalanced four-wire distribution line, a three-phase
wye-grounded and delta-center-tapped transformer, a 150-kvar three-phase capaci-
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Table 5.4: Transformer data
Phase
Rated Rated
Resistance (%) Reactance (%)
voltage (V) power (kVA)
Primary: 1.2 Primary-Secondary 1: 2.04
AN-ABN 7200/120/120 25 Secondary 1: 2.4 Primary-Secondary 2: 2.04
Secondary 2: 2.4 Secondary 1-Secondary 2: 1.36
BN-BC 7200/240 10 3.2 1.4
CN-CA 7200/240 10 3.2 1.4
Table 5.5: Load data
Phase Rated voltage (V) Rated power (kVA) Power factor
AN 120 3 0.95 (lagging)
BN 120 5 0.85 (lagging)
AB 240 10 0.90 (lagging)
BC 240 8 0.88 (lagging)
CA 240 13 0.93 (lagging)
tor bank, single-phase loads, and a 5-kW single-phase PV. The distribution line is
connected to the infinite bus and the high voltage side of the transformer, the ca-
pacitor bank is connected to the high voltage side of the transformer, the loads are
connected to the low voltage side of the transformer, and the PV is connected to
Phases A and B of the low voltage side of the transformer. The lengths of the distri-
bution line is 5 miles. The series resistance, series reactance, and shunt admittance
matrices of the line are identical to the line parameters given in (5.1)-(5.3). The
transformer and load data are given in Tables 5.4 and 5.5, respectively.
5.2 Verification of Test Circuit Models
This section describes the verification of the test circuit models developed in
MATLABTM for wind turbine and PV simulations. In order to verify the models, the
steady-state results and the electromagnetic transient results obtained from the pro-
posed multi-time-scale simulation tool developed in MATLABTM are compared to the
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Table 5.6: Load data for the test circuit verification
Phase Rated voltage (V) Rated power (kW) Power factor
A 398 255 0.85 (lagging)
B 398 360 0.90 (lagging)
C 398 475 0.95 (lagging)
Table 5.7: Comparison of node voltage results for the four-node test circuit when the
capacitor is oﬄine
Simulation tool MATLABTM OpenDSSTM
Voltage at the
Phase A 0.97896 − 0.5◦ 0.9789 6 − 0.5◦
load bus (pu)
Phase B 0.9656 6 − 121.1◦ 0.96566 − 121.1◦
Phase C 0.96786 117.6◦ 0.9678 6 117.6◦
Voltage at the low Phase A 0.99056 − 0.3◦ 0.9905 6 − 0.3◦
voltage side of the Phase B 0.9876 6 − 120.5◦ 0.98766 − 120.5◦
transformer (pu) Phase C 0.98656 119.2◦ 0.9865 6 119.2◦
Voltage at the high Phase A 0.99906 0.0◦ 0.99906 0.0◦
voltage side of the Phase B 0.9980 6 − 120.1◦ 0.99806 − 120.1◦
transformer (pu) Phase C 0.99836 119.9◦ 0.9983 6 119.9◦
results obtained from commercially available simulation tools, i.e., OpenDSSTM for
quasi-steady-state simulations and PSCAD/EMTDCTM for electromagnetic transient
simulations.
5.2.1 Verification of Test Circuit Model for Wind Turbine Simulation
For verification purposes, the wind turbine in the four-node test circuit in
Fig. 5.1 is switched oﬄine, and three single-phase loads described in Table 5.6 are
installed at the end of the feeder. The node voltage results from MATLABTM and
OpenDSSTM in steady-state conditions when the capacitor bank is oﬄine and online
are compared in Tables 5.7 and 5.8, respectively. In order to verify the test circuit in
an electromagnetic transient condition, the capacitor bank is switched on at time =
0. Figs. 5.3 and 5.4 illustrate the electromagnetic transient voltages at the load from
MATLABTM and PSCAD/EMTDCTM, respectively.
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Table 5.8: Comparison of node voltage results for the four-node test circuit when the
capacitor is online
Simulation tool MATLABTM OpenDSSTM
Voltage at the
Phase A 0.98686 − 0.8◦ 0.9868 6 − 0.8◦
load bus (pu)
Phase B 0.9733 6 − 121.3◦ 0.97336 − 121.3◦
Phase C 0.97566 117.3◦ 0.9756 6 117.3◦
Voltage at the low Phase A 0.99856 − 0.6◦ 0.9985 6 − 0.6◦
voltage side of the Phase B 0.9955 6 − 120.7◦ 0.99556 − 120.7◦
transformer (pu) Phase C 0.99446 119.0◦ 0.9944 6 119.0◦
Voltage at the high Phase A 1.00006 − 0.1◦ 1.0000 6 − 0.1◦
voltage side of the Phase B 0.9990 6 − 120.1◦ 0.99906 − 120.1◦
transformer (pu) Phase C 0.99946 119.8◦ 0.9994 6 119.8◦
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Figure 5.3: Load voltage of the four-node test circuit in MATLABTM
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Figure 5.4: Load voltage of the four-node test circuit in PSCAD/EMTDCTM
As can be seen in Tables 5.7 and 5.8, the steady-state voltage results from
MATLABTM and OpenDSSTM are exactly the same. In addition, the electromag-
netic results of load voltages from MATLABTM in Fig. 5.3 match the results from
PSCAD/EMTDCTM in Fig. 5.4. Hence, the model of the four-node test circuit is
verified.
5.2.2 Verification of Test Circuit Model for PV Simulation
For verification purposes, the PV in the three-node test circuit in Fig. 5.2
is switched oﬄine. The node voltage results from MATLABTM and OpenDSSTM in
steady-state conditions when the capacitor bank is oﬄine and online are compared in
Tables 5.9 and 5.10, respectively. In order to verify the test circuit in an electromag-
netic transient condition, the capacitor bank is switched on at time = 0. Figs. 5.5
and 5.6 illustrate the electromagnetic transient voltages at the load from MATLABTM
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Table 5.9: Comparison of node voltage results for the three-node test circuit when
the capacitor is oﬄine
Simulation tool MATLABTM OpenDSSTM
Voltage at the
Phase A 0.97616 − 0.1◦ 0.9761 6 − 0.1◦
load bus (pu)
Phase B 0.9743 6 − 179.9◦ 0.97436 − 179.9◦
Phase C 0.9651 6 89.7◦ 0.96516 89.7◦
Voltage at the high Phase A 0.99836 − 0.1◦ 0.9983 6 − 0.1◦
voltage side of the Phase B 1.0003 6 − 120.0◦ 1.00036 − 120.0◦
transformer (pu) Phase C 0.99966 120.0◦ 0.9996 6 120.0◦
Table 5.10: Comparison of node voltage results for the three-node test circuit when
the capacitor is online
Simulation tool MATLABTM OpenDSSTM
Voltage at the
Phase A 0.97906 − 0.3◦ 0.9790 6 − 0.3◦
load bus (pu)
Phase B 0.9773 6 − 179.8◦ 0.97736 − 179.8◦
Phase C 0.9681 6 89.6◦ 0.96816 89.6◦
Voltage at the high Phase A 1.00146 − 0.2◦ 1.0014 6 − 0.2◦
voltage side of the Phase B 1.0031 6 − 120.1◦ 1.00316 − 120.1◦
transformer (pu) Phase C 1.00286 119.9◦ 1.0028 6 119.9◦
and PSCAD/EMTDCTM, respectively.
As can be seen in Tables 5.9 and 5.10, the steady-state voltage results from
MATLABTM and OpenDSSTM are exactly the same. In addition, the electromag-
netic results of load voltages from MATLABTM in Fig. 5.5 match the results from
PSCAD/EMTDCTM in Fig. 5.6. Hence, the model of the three-node test circuit is
verified.
5.3 Verification of Approach Used to Switch between Models
This section describes the verification of the approach used to switch between
single-time-scale models. Four case studies are simulated for each type of wind tur-
bine and PV. In order to verify the switching approach, two simulations are performed
for each case.
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Figure 5.5: Load voltage of the three-node test circuit in MATLABTM
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Figure 5.6: Load voltage of the three-node test circuit in PSCAD/EMTDCTM
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For the first simulation (switching between the steady-state and electromag-
netic transient models), the simulation starts with the steady-state model. At time
= 0, the simulation switches to the electromagnetic transient model. The simulation
is then performed by using the electromagnetic transient model for 0.1 s. After that,
the simulation switches back to the steady-state model again.
For the second simulation (switching between the steady-state and electrome-
chanical transient models), the simulation starts with the steady-state model. At
time = 0, the simulation switches to the electromechanical transient model. The
simulation is then performed by using the electromechanical transient model for 1 s.
After that, the simulation switches back to the steady-state model again.
5.3.1 Switching between Models for an FSWT
Figs. 5.7 and 5.8 describe the voltages and output currents of the wind turbine
when switching between the steady-state and electromagnetic transient models. The
voltages and output currents of the wind turbine before and after switching between
the steady-state and electromechanical transient models are presented in Figs. 5.9
and 5.10.
According to Figs. 5.7 and 5.8, the voltage and current results from the steady-
state and electromagnetic transient models are exactly the same. In addition, the
voltages and currents continue smoothly after the switching. For switching between
the steady-state and electromechanical transient models, the voltages and currents of
the wind turbine are also the same (Figs. 5.9 and 5.10), and the simulation smoothly
continues after the time of switching. These results indicate that the energy stored
in the storage element before and after switching are the same.
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Figure 5.7: Voltages at the FSWT when switching between the steady-state and
electromagnetic transient models
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Figure 5.8: Output currents of the FSWT when switching between the steady-state
and electromagnetic transient models
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Figure 5.9: Voltages at the FSWT when switching between the steady-state and
electromechanical transient models
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Figure 5.10: Output currents of the FSWT when switching between the steady-state
and electromechanical transient models
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Figure 5.11: Voltages at the WSWT when switching between the steady-state and
electromagnetic transient models
5.3.2 Switching between Models for a WSWT
The wind turbine voltage and current results before and after switching be-
tween the steady-state and electromagnetic transient models are shown in Figs. 5.11
and 5.12. Figs. 5.13 and 5.14 illustrate the voltages and output currents of the
wind turbine when switching between the steady-state and electromechanical tran-
sient models.
As presented in Figs. 5.11 and 5.12, the simulation smoothly switches from
the steady-state model to the electromagnetic transient model and vice versa. The
results obtained from both steady-state and electromagnetic transient models are the
same. Figs. 5.13 and 5.14 show that the simulation also continues smoothly when
switching between the steady-state and electromechanical transient models, and the
steady-state and electromechanical transient results are exactly the same. The results
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Figure 5.12: Output currents of the WSWT when switching between the steady-state
and electromagnetic transient models
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Figure 5.13: Voltages at the WSWT when switching between the steady-state and
electromechanical transient models
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Figure 5.14: Output currents of the WSWT when switching between the steady-state
and electromechanical transient models
imply that the energy in the storage element before and after the simulation switches
between models are the same.
5.3.3 Switching between Models for DFIG and Full Converter Wind Tur-
bines
Figs. 5.15 and 5.16 illustrate the voltages and currents of the wind turbine
from the steady-state and electromagnetic transient models, and Figs. 5.17 and 5.18
present the wind turbine voltages and currents before and after switching between
the steady-state and electromechanical transient models.
Figs. 5.15 and 5.16 show that the voltage and current results obtained from the
steady-state and electromagnetic transient models are the same. The results also show
that the simulation smoothly switches between the steady-state and electromagnetic
transient models. The switching between the steady-state and electromechanical
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Figure 5.15: Voltages at the wind turbine when switching between the steady-state
and electromagnetic transient models
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Figure 5.16: Output currents of the wind turbine when switching between the steady-
state and electromagnetic transient models
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Figure 5.17: Voltages at the wind turbine when switching between the steady-state
and electromechanical transient models
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Figure 5.18: Output currents of the wind turbine when switching between the steady-
state and electromechanical transient models
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Figure 5.19: Voltages at the PV bus when switching between the steady-state and
electromagnetic transient models
transient models also occurs smoothly, and the steady-state and electromechanical
transient results are exactly the same as shown in Figs. 5.17 and 5.18. Thus, the
energy in the storage element before and after switching between the models are
preserved.
5.3.4 Switching between Models for a PV
The voltages and injected currents at the PV bus when switching between the
steady-state and electromagnetic transient models are shown in Figs. 5.19 and 5.20,
and the PV voltages and currents when switching from the steady-state model to the
electromechanical transient model and vice versa are described in Figs. 5.21 and 5.22.
As described in Figs. 5.19 and 5.20, the simulation smoothly switches be-
tween the steady-state and electromagnetic transient models, and the steady-state
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Figure 5.20: Injected currents at the PV bus when switching between the steady-state
and electromagnetic transient models
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Figure 5.21: Voltages at the PV bus when switching between the steady-state and
electromechanical transient models
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Figure 5.22: Injected currents at the PV bus when switching between the steady-state
and electromechanical transient models
and electromagnetic transient results are the same. According to Figs. 5.21 and 5.22,
the simulation also switches smoothly between the steady-state and electromechan-
ical transient models, and the results from both models are the same. Therefore,
the energy stored in the storage element before and after switching between the
steady-state and electromagnetic transient models, and between electromechanical
the steady-state and transient models are preserved.
5.4 Simulation Results and Discussion
This section describes the results and discussion of the multi-time-scale simu-
lation models. The simulations are performed for each type of wind turbine and PV
in MATLABTM.
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Table 5.11: Quasi-steady-state results of the FSWT simulation
Wind
Slip
Real power Reactive power
speed
(%)
produced by the produced by the
(m/s) wind turbine (MW) wind turbine (Mvar)
6 −0.029 0.080 −0.396
7 −0.091 0.254 −0.405
8 −0.177 0.493 −0.430
9 −0.272 0.758 −0.474
10 −0.364 1.015 −0.533
11 −0.441 1.223 −0.593
12 −0.499 1.377 −0.645
13 −0.536 1.471 −0.680
14 −0.547 1.500 −0.692
15 −0.541 1.484 −0.686
16 −0.515 1.417 −0.660
17 −0.484 1.337 −0.631
18 −0.438 1.215 −0.590
19 −0.395 1.095 −0.555
20 −0.356 0.990 −0.526
5.4.1 Simulation of an FSWT
Two case studies for an FSWT are simulated in this section: a quasi-steady-
state simulation of an FSWT and a multi-time-scale simulation of an FSWT.
5.4.1.1 Quasi-Steady-State Simulation of an FSWT
This case considers a wind turbine consisting of an FSWT operating in the
four-node test circuit in Fig. 5.1 in quasi-steady-state conditions. The capacitor bank
in the test circuit is oﬄine. The wind speed varies from the cut-in speed (6 m/s) to
the cut-out speed (20 m/s) with an increment of 1 m/s. The wind turbine slip, and
the real and reactive power produced by the wind turbine are shown in Table 5.11.
The voltages at the wind turbine, the low voltage side of the transformer, and the
high voltage side of the transformer are presented in Table 5.12.
As shown in Table 5.11, the wind turbine operates in the range where the
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Table 5.12: Node voltage results of the FSWT simulation
Voltage at the
Voltage at the low Voltage at the high
Wind
wind turbine (pu)
voltage side of the voltage side of the
speed transformer (pu) transformer (pu)
(m/s) Phase Phase Phase Phase Phase Phase Phase Phase Phase
A B C A B C A B C
6
0.990 6 0.990 6 0.989 6 0.996 6 0.996 6 0.996 6 0.999 6 0.999 6 0.999 6
0.5◦ −119.6◦ 120.4◦ 0.2◦ −119.8◦ 120.2◦ 0.0◦ −120.0◦ 120.0◦
7
0.992 6 0.992 6 0.991 6 0.997 6 0.997 6 0.997 6 1.000 6 1.000 6 1.000 6
0.8◦ −119.3◦ 120.7◦ 0.3◦ −119.7◦ 120.3◦ 0.0◦ −120.0◦ 120.0◦
8
0.995 6 0.994 6 0.994 6 0.998 6 0.998 6 0.998 6 1.000 6 1.000 6 1.000 6
1.2◦ −118.9◦ 121.2◦ 0.5◦ −119.5◦ 120.5◦ 0.1◦ −119.9◦ 120.1◦
9
0.998 6 0.996 6 0.996 6 0.999 6 0.999 6 0.999 6 1.000 6 1.000 6 1.000 6
1.7◦ −118.5◦ 121.6◦ 0.7◦ −119.3◦ 120.7◦ 0.1◦ −119.9◦ 120.1◦
10
1.001 6 0.997 6 0.997 6 0.999 6 0.999 6 0.999 6 1.000 6 1.000 6 1.000 6
2.2◦ −118.0◦ 122.1◦ 0.9◦ −119.2◦ 120.8◦ 0.1◦ −119.9◦ 120.1◦
11
1.002 6 0.998 6 0.998 6 1.000 6 1.000 6 1.000 6 1.000 6 1.000 6 1.000 6
2.6◦ −117.6◦ 122.5◦ 1.0◦ −119.0◦ 121.0◦ 0.1◦ −119.9◦ 120.1◦
12
1.003 6 0.998 6 0.998 6 1.000 6 1.000 6 1.000 6 1.000 6 1.000 6 1.000 6
2.9◦ −117.4◦ 122.8◦ 1.1◦ −118.9◦ 121.1◦ 0.2◦ −119.9◦ 120.1◦
13
1.003 6 0.998 6 0.998 6 1.000 6 1.000 6 1.000 6 1.000 6 1.000 6 1.000 6
3.1◦ −117.2◦ 123.0◦ 1.2◦ −118.8◦ 121.2◦ 0.2◦ −119.9◦ 120.2◦
14
1.003 6 0.998 6 0.998 6 1.000 6 1.000 6 1.000 6 1.000 6 0.998 6 1.000 6
3.2◦ −117.1◦ 123.0◦ 1.2◦ −118.8◦ 121.2◦ 0.2◦ −119.9◦ 120.2◦
15
1.003 6 0.998 6 0.998 6 1.000 6 1.000 6 1.000 6 1.000 6 1.000 6 1.000 6
3.1◦ −117.2◦ 123.0◦ 1.2◦ −118.8◦ 121.2◦ 0.2◦ −119.9◦ 120.2◦
16
1.003 6 0.998 6 0.998 6 1.000 6 1.000 6 1.000 6 1.000 6 1.000 6 1.000 6
3.0◦ −117.3◦ 122.9◦ 1.2◦ −118.8◦ 121.1◦ 0.2◦ −119.9◦ 120.2◦
17
1.003 6 0.998 6 0.998 6 1.000 6 1.000 6 1.000 6 1.000 6 1.000 6 1.000 6
2.8◦ −117.4◦ 122.7◦ 1.1◦ −118.9◦ 121.1◦ 0.2◦ −119.9◦ 120.1◦
18
1.002 6 0.998 6 0.998 6 1.000 6 1.000 6 1.000 6 1.000 6 1.000 6 1.000 6
2.6◦ −117.6◦ 122.5◦ 1.0◦ −119.0◦ 121.0◦ 0.1◦ −119.9◦ 120.1◦
19
1.001 6 0.998 6 0.997 6 0.999 6 0.999 6 0.999 6 1.000 6 1.000 6 1.000 6
2.4◦ −117.9◦ 122.3◦ 0.9◦ −119.1◦ 120.9◦ 0.1◦ −119.9◦ 120.1◦
20
1.001 6 0.997 6 0.997 6 0.999 6 0.999 6 0.999 6 1.000 6 1.000 6 1.000 6
2.1◦ −118.0◦ 122.1◦ 0.8◦ −119.2◦ 120.8◦ 0.1◦ −119.9◦ 120.1◦
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slip is negative. The magnitude of the slip is less than 1% for all wind speeds, so
the generator speed is almost constant. The generated real power increases when
the wind speed increases from the cut-in to the rated speed, but the real power
decreases when the wind speed is higher than the rated speed because of the stall
control. Additionally, the wind turbine consumes reactive power for all wind speeds.
From Table 5.12, the steady-state voltages are in an acceptable range (0.95-1.05 pu).
Therefore, it can be concluded that the system operates in stable conditions.
5.4.1.2 Multi-Time-Scale Simulation of an FSWT
This case considers a wind turbine consisting of an FSWT in quasi-steady-
state, electromechanical transient, and electromagnetic transient conditions. The
simulation is performed for a 24-hour period. During this simulation period, wind
speed changes every ten minutes. The ten-minute resolution wind speed data obtained
from NREL [83] are shown in Fig. 5.23. When the simulation starts at 12:00 am, the
capacitor bank is out of service. The capacitor bank is switched on at 8:00 am and
switched off at 10:00 pm. A temporary bolted single-line-to-ground fault occurs on
Phase A of the high voltage side of the transformer at 2:00 pm. The fault clears itself in
0.1 seconds. The simulation is performed by the steady-state model when wind speed
changes because the resolution of wind speed data is ten minutes, which is much longer
than the transient period. When the capacitor is turned on at 8:00 am, the simulation
switches to the electromagnetic transient model because the capacitor switching is an
electromagnetic transient phenomenon. As soon as the simulation reaches a steady-
state condition, the simulation switches back to the steady-state model. At 2:00
pm, the fault occurs, so the simulation switches to the electromechanical transient
model since the fault period of 0.1 seconds is in the electromechanical transient time
scale. After the fault is cleared and the circuit reaches a steady-state condition, the
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Figure 5.23: Wind speed for the multi-time-scale simulation
steady-state model is employed again. The capacitor is turned off at 10:00 pm, so the
simulation switches to the electromagnetic transient model and switches back to the
steady-state model when the simulation reaches a steady-state condition. Fig. 5.24
presents the steady-state voltages at the wind turbine. The transient voltages at the
wind turbine when the capacitor is turned on at 8:00 am, when the fault occurs at 2:00
pm, and when the capacitor is turned off at 10:00 pm are shown in Figs. 5.25-5.27,
respectively. Note that Fig. 5.24 is obtained from the steady-state simulation, Fig.
5.26 (time > 0) is produced by the electromechanical transient simulation, and Figs.
5.25 and 5.27 (time > 0) are the results of the electromagnetic transient simulation.
In Fig. 5.24, the steady-state voltages at the wind turbine between 12:00 am
and 8:00 am, between 8:00 am and 10:00 pm, and between 10:00 pm and 12:00 am
vary due to voltage drops across the lines and transformer, which are proportional
to the currents flowing through them. The variations of the currents are caused by
125
0 3 6 9 12 15 18 21 24
0.99
0.995
1
1.005
1.01
1.015
Time (hour)
Vo
lta
ge
 a
t t
he
 W
in
d 
Tu
rb
in
e 
(pu
)
 
 
Phase A
Phase B
Phase C
Figure 5.24: Steady-state voltages at the FSWT
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Figure 5.25: Transient voltages at the FSWT when the capacitor bank is turned on
at 8:00 am
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Figure 5.26: Transient voltages at the FSWT when the fault occurs at 2:00 pm
the change of the wind power. At 8:00 am, the capacitor is switched on; therefore,
Phases A, B, and C voltages (steady-state) significantly increase from 1.0016, 0.9978,
and 0.9975 to 1.0098, 1.0059, and 1.0057 pu, respectively. However, the capacitor
is switched off at 10:00 pm, so the steady-state voltages dramatically decrease from
1.0116, 1.0066, and 1.0063 to 1.0035, 0.9984, and 0.9981 pu.
As shown in Fig. 5.25, when the capacitor bank is energized at 8:00 am, the
electromagnetic transient voltage oscillation occurs because the capacitor bank briefly
pulls the voltage at its location down to zero (the capacitor voltage before energizing
is zero). The voltage oscillation disappears after a few cycles due to the damping in
the circuit.
As can be seen from Fig. 5.26, when the single-line-to-ground fault occurs on
Phase A of the high voltage side of the transformer at 2:00 pm, Phase A voltage at
the wind turbine drops to 0.07 pu. However, Phases B and C voltages rise to 1.29
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Figure 5.27: Transient voltages at the FSWT when the capacitor bank is turned off
at 10:00 pm
and 1.27 pu, respectively. The voltages at the wind turbine return to their initial
values when the fault clears itself.
When the capacitor bank is de-energized at 10:00 pm, the voltage magnitudes
slightly decrease as shown in Fig. 5.27. There are small transients since the capacitor
is not de-energized at the exact current zero-crossing.
5.4.2 Simulation of a WSWT
Two case studies for a WSWT are simulated in this section: a quasi-steady-
state simulation of a WSWT and a multi-time-scale simulation of a WSWT.
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Table 5.13: Quasi-steady-state results of the WSWT simulation
Wind
Slip
External Real power Reactive power
speed
(%)
rotor produced by the produced by the
(m/s) resistance (Ω) wind turbine (MW) wind turbine (Mvar)
6 −0.097 0 0.070 −0.258
7 −0.332 0 0.242 −0.263
8 −0.653 0 0.479 −0.277
9 −1.006 0 0.742 −0.302
10 −1.349 0 0.998 −0.336
11 −1.635 0 1.211 −0.371
12 −1.848 0 1.371 −0.401
13 −1.976 0 1.466 −0.421
14 −2.022 0 1.500 −0.428
15 −2.444 0.0013 1.500 −0.428
16 −3.895 0.0058 1.500 −0.428
17 −6.062 0.0126 1.500 −0.428
18 −8.069 0.0189 1.500 −0.428
19 −10.445 0.0263 1.500 −0.428
20 −13.185 0.0349 1.500 −0.428
5.4.2.1 Quasi-Steady-State Simulation of a WSWT
This case considers a wind turbine consisting of a WSWT operating in the
four-node test circuit in Fig. 5.1 in quasi-steady-state conditions. The capacitor
bank in the test circuit is oﬄine. The wind speed varies from the cut-in speed (6
m/s) to the cut-out speed (20 m/s) with an increment of 1 m/s. The wind turbine
slip, the external rotor resistance, and the real and reactive power produced by the
wind turbine are shown in Table 5.13. The voltages at the wind turbine, the low
voltage side of the transformer, and the high voltage side of the transformer are
presented in Table 5.14.
As shown in Table 5.13, the wind turbine operates in the range where the slip
is negative. The magnitude of the slip is small when the wind speed is less than
the rated speed. However, the magnitude of the slip increases when the wind speed
is above the rated speed. The generated real power increases when the wind speed
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Table 5.14: Node voltage results of the WSWT simulation
Voltage at the
Voltage at the low Voltage at the high
Wind
wind turbine (pu)
voltage side of the voltage side of the
speed transformer (pu) transformer (pu)
(m/s) Phase Phase Phase Phase Phase Phase Phase Phase Phase
A B C A B C A B C
6
0.994 6 0.994 6 0.993 6 0.997 6 0.997 6 0.997 6 1.000 6 1.000 6 1.000 6
0.4◦ −119.7◦ 120.3◦ 0.1◦ −119.9◦ 120.1◦ 0.0◦ −120.0◦ 120.0◦
7
0.996 6 0.996 6 0.995 6 0.998 6 0.998 6 0.998 6 1.000 6 1.000 6 1.000 6
0.7◦ −119.4◦ 120.6◦ 0.2◦ −119.8◦ 120.2◦ 0.0◦ −120.0◦ 120.0◦
8
1.000 6 0.998 6 0.998 6 0.999 6 0.999 6 0.999 6 1.000 6 1.000 6 1.000 6
1.1◦ −119.0◦ 121.0◦ 0.4◦ −119.6◦ 120.4◦ 0.1◦ −120.0◦ 120.1◦
9
1.003 6 1.001 6 1.001 6 1.001 6 1.001 6 1.001 6 1.000 6 1.000 6 1.000 6
1.5◦ −118.6◦ 121.5◦ 0.6◦ −119.4◦ 120.6◦ 0.1◦ −119.9◦ 120.1◦
10
1.006 6 1.003 6 1.003 6 1.001 6 1.002 6 1.002 6 1.000 6 1.000 6 1.000 6
2.0◦ −118.2◦ 121.9◦ 0.8◦ −119.2◦ 120.8◦ 0.1◦ −119.9◦ 120.1◦
11
1.008 6 1.004 6 1.004 6 1.002 6 1.002 6 1.002 6 1.000 6 1.000 6 1.000 6
2.3◦ −117.8◦ 122.3◦ 0.9◦ −119.1◦ 120.9◦ 0.1◦ −119.9◦ 120.1◦
12
1.010 6 1.005 6 1.005 6 1.003 6 1.003 6 1.003 6 1.001 6 1.000 6 1.000 6
2.6◦ −117.5◦ 122.6◦ 1.0◦ −119.0◦ 121.0◦ 0.1◦ −119.9◦ 120.1◦
13
1.011 6 1.006 6 1.006 6 1.003 6 1.003 6 1.003 6 1.001 6 1.000 6 1.000 6
2.8◦ −117.4◦ 122.7◦ 1.1◦ −118.9◦ 121.1◦ 0.2◦ −119.9◦ 120.1◦
14
1.011 6 1.006 6 1.006 6 1.003 6 1.003 6 1.003 6 1.001 6 1.000 6 1.000 6
2.9◦ −117.3◦ 122.8◦ 1.1◦ −118.9◦ 121.1◦ 0.2◦ −119.9◦ 120.2◦
15
1.011 6 1.006 6 1.006 6 1.003 6 1.003 6 1.003 6 1.001 6 1.000 6 1.000 6
2.9◦ −117.3◦ 122.8◦ 1.1◦ −118.9◦ 121.1◦ 0.2◦ −119.9◦ 120.2◦
16
1.011 6 1.006 6 1.006 6 1.003 6 1.003 6 1.003 6 1.001 6 1.000 6 1.000 6
2.9◦ −117.3◦ 122.8◦ 1.1◦ −118.9◦ 121.1◦ 0.2◦ −119.9◦ 120.2◦
17
1.011 6 1.006 6 1.006 6 1.003 6 1.003 6 1.003 6 1.001 6 1.000 6 1.000 6
2.9◦ −117.3◦ 122.8◦ 1.1◦ −118.9◦ 121.1◦ 0.2◦ −119.9◦ 120.2◦
18
1.011 6 1.006 6 1.006 6 1.003 6 1.003 6 1.003 6 1.001 6 1.000 6 1.000 6
2.9◦ −117.3◦ 122.8◦ 1.1◦ −118.9◦ 121.1◦ 0.2◦ −119.9◦ 120.2◦
19
1.011 6 1.006 6 1.006 6 1.003 6 1.003 6 1.003 6 1.001 6 1.000 6 1.000 6
2.9◦ −117.3◦ 122.8◦ 1.1◦ −118.9◦ 121.1◦ 0.2◦ −119.9◦ 120.2◦
20
1.011 6 1.006 6 1.006 6 1.003 6 1.003 6 1.003 6 1.001 6 1.000 6 1.000 6
2.9◦ −117.3◦ 122.8◦ 1.1◦ −118.9◦ 121.1◦ 0.2◦ −119.9◦ 120.2◦
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increases from the cut-in to the rated speed, but the real power remains at the rated
power when the wind speed is higher than the rated speed because of the power
control. Additionally, the wind turbine consumes reactive power for all wind speeds.
From Table 5.14, the steady-state voltages are in an acceptable range (0.95-1.05 pu).
Therefore, it can be concluded that the system operates in stable conditions.
5.4.2.2 Multi-Time-Scale Simulation of a WSWT
This case considers a wind turbine consisting of a WSWT in quasi-steady-
state, electromechanical transient, and electromagnetic transient conditions. The
simulation scenario is similar to the scenario for the multi-time-scale simulation of an
FSWT. The steady-state voltages at the wind turbine are shown in Fig. 5.28. Figs.
5.29-5.31 describe the transient voltages at the wind turbine when the capacitor is
turned on (8:00 am), when the fault occurs (2:00 pm), and when the capacitor is
turned off (10:00 pm), respectively. Note that the steady-state model is employed
when wind speed changes (Fig. 5.28), the electromechanical transient model is used
when the fault occurs (Fig. 5.30), and the electromagnetic transient model is required
when the capacitor switches (Figs. 5.29 and 5.31).
The steady-state voltages at the wind turbine between 12:00 am and 8:00 am,
between 8:00 am and 10:00 pm, and between 10:00 pm and 12:00 am (Fig. 5.28) vary
due to the change of the wind power. From 11:00 am to 10:00 pm, wind speed is above
the rated speed, so the wind turbine produces rated power output. Therefore, Phases
A, B, and C voltages at the wind turbine are flat at 1.0142, 1.0091, and 1.0095 pu,
respectively. At 8:00 am, Phases A, B, and C voltages rise from 1.0073, 1.0037, and
1.0038 to 1.0155, 1.0118, and 1.0120 pu because the capacitor is turned on. However,
when the capacitor is turned off (at 10:00 pm), the voltages drop from 1.0190, 1.0141,
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Figure 5.28: Steady-state voltages at the WSWT
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Figure 5.29: Transient voltages at the WSWT when the capacitor bank is turned on
at 8:00 am
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Figure 5.30: Transient voltages at the WSWT when the fault occurs at 2:00 pm
and 1.0143 to 1.0109, 1.0060, and 1.0062 pu.
When the capacitor bank is energized (at 8:00 am), the electromagnetic tran-
sient voltage oscillation occurs as presented in Fig. 5.29. The voltage oscillation
disappears after a few cycles.
When the fault occurs at 2:00 pm, Phase A voltage at the wind turbine sud-
denly drops to 0.08 pu (Fig. 5.30). However, Phases B and C voltages rise to 1.28
and 1.25 pu. The voltages return to their initial values when the fault is cleared.
At 10:00 pm, the capacitor bank is de-energized, so the voltage magnitudes
slightly decrease (Fig. 5.31).
5.4.3 Simulation of DFIG and Full Converter Wind Turbines
Two case studies for DFIG and full converter wind turbines are simulated in
this section: a quasi-steady-state simulation of DFIG and full converter wind turbines,
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Figure 5.31: Transient voltages at the WSWT when the capacitor bank is turned off
at 10:00 pm
and a multi-time-scale simulation of DFIG and full converter wind turbines.
5.4.3.1 Quasi-Steady-State Simulation of DFIG and Full Converter Wind
Turbines
This case considers a wind turbine consisting of a DFIG and full converter
wind turbines operating in the four-node test circuit in Fig. 5.1 in quasi-steady-state
conditions. The capacitor bank in the test circuit is oﬄine. The wind speed varies
from the cut-in speed (6 m/s) to the cut-out speed (20 m/s) with an increment of 1
m/s. The real and reactive power produced by the wind turbine are shown in Table
5.15. The voltages at the wind turbine, the low voltage side of the transformer, and
the high voltage side of the transformer are presented in Table 5.16.
As shown in Table 5.15, the generated real power increases when the wind
speed increases from the cut-in to the rated speed, but the real power remains at the
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Table 5.15: Quasi-steady-state results of the DFIG and full converter wind turbine
simulation
Wind Real power Reactive power
speed produced by the produced by the
(m/s) wind turbine (MW) wind turbine (Mvar)
6 0.255 0
7 0.405 0
8 0.605 0
9 0.862 0
10 1.182 0
11 1.500 0
12 1.500 0
13 1.500 0
14 1.500 0
15 1.500 0
16 1.500 0
17 1.500 0
18 1.500 0
19 1.500 0
20 1.500 0
rated power when the wind speed is higher than the rated speed because of the real
power control. Additionally, the wind turbine does not produce or consume reactive
power (unity power factor) for all wind speeds due to the reactive power control.
From Table 5.16, the steady-state voltages are in an acceptable range (0.95-1.05 pu).
Therefore, it can be concluded that the system operates in stable conditions.
5.4.3.2 Multi-Time-Scale Simulation of DFIG and Full Converter Wind
Turbines
This case considers a wind turbine consisting of DFIG and full converter wind
turbines in quasi-steady-state, electromechanical transient, and electromagnetic tran-
sient conditions. The simulation scenario is similar to the scenario for the multi-time-
scale simulation of an FSWT and a WSWT. Fig. 5.32 illustrates the steady-state
voltages at the wind turbine for a 24-hour period. Figs. 5.33-5.35 present the tran-
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Table 5.16: Node voltage results of the DFIG and full converter wind turbine simu-
lation
Voltage at the
Voltage at the low Voltage at the high
Wind
wind turbine (pu)
voltage side of the voltage side of the
speed transformer (pu) transformer (pu)
(m/s) Phase Phase Phase Phase Phase Phase Phase Phase Phase
A B C A B C A B C
6
1.004 6 1.003 6 1.003 6 1.002 6 1.001 6 1.001 6 1.000 6 1.000 6 1.000 6
0.4◦ −119.6◦ 120.4◦ 0.2◦ −119.8◦ 120.2◦ 0.0◦ −120.0◦ 120.0◦
7
1.007 6 1.005 6 1.005 6 1.002 6 1.002 6 1.002 6 1.000 6 1.000 6 1.000 6
0.7◦ −119.4◦ 120.7◦ 0.3◦ −119.7◦ 120.3◦ 0.0◦ −120.0◦ 120.0◦
8
1.010 6 1.007 6 1.008 6 1.003 6 1.003 6 1.003 6 1.001 6 1.000 6 1.000 6
1.0◦ −119.1◦ 121.0◦ 0.4◦ −119.6◦ 120.4◦ 0.1◦ −120.0◦ 120.1◦
9
1.014 6 1.010 6 1.011 6 1.005 6 1.005 6 1.005 6 1.001 6 1.000 6 1.001 6
1.4◦ −118.7◦ 121.5◦ 0.6◦ −119.4◦ 120.6◦ 0.1◦ −119.9◦ 120.1◦
10
1.019 6 1.014 6 1.015 6 1.007 6 1.006 6 1.006 6 1.001 6 1.001 6 1.001 6
1.9◦ −118.2◦ 122.0◦ 0.8◦ −119.2◦ 120.8◦ 0.1◦ −119.9◦ 120.1◦
11
1.024 6 1.017 6 1.084 6 1.008 6 1.008 6 1.008 6 1.001 6 1.001 6 1.001 6
2.4◦ −117.7◦ 122.5◦ 1.0◦ −119.0◦ 121.0◦ 0.1◦ −119.9◦ 120.1◦
12
1.024 6 1.017 6 1.084 6 1.008 6 1.008 6 1.008 6 1.001 6 1.001 6 1.001 6
2.4◦ −117.7◦ 122.5◦ 1.0◦ −119.0◦ 121.0◦ 0.1◦ −119.9◦ 120.1◦
13
1.024 6 1.017 6 1.084 6 1.008 6 1.008 6 1.008 6 1.001 6 1.001 6 1.001 6
2.4◦ −117.7◦ 122.5◦ 1.0◦ −119.0◦ 121.0◦ 0.1◦ −119.9◦ 120.1◦
14
1.024 6 1.017 6 1.084 6 1.008 6 1.008 6 1.008 6 1.001 6 1.001 6 1.001 6
2.4◦ −117.7◦ 122.5◦ 1.0◦ −119.0◦ 121.0◦ 0.1◦ −119.9◦ 120.1◦
15
1.024 6 1.017 6 1.084 6 1.008 6 1.008 6 1.008 6 1.001 6 1.001 6 1.001 6
2.4◦ −117.7◦ 122.5◦ 1.0◦ −119.0◦ 121.0◦ 0.1◦ −119.9◦ 120.1◦
16
1.024 6 1.017 6 1.084 6 1.008 6 1.008 6 1.008 6 1.001 6 1.001 6 1.001 6
2.4◦ −117.7◦ 122.5◦ 1.0◦ −119.0◦ 121.0◦ 0.1◦ −119.9◦ 120.1◦
17
1.024 6 1.017 6 1.084 6 1.008 6 1.008 6 1.008 6 1.001 6 1.001 6 1.001 6
2.4◦ −117.7◦ 122.5◦ 1.0◦ −119.0◦ 121.0◦ 0.1◦ −119.9◦ 120.1◦
18
1.024 6 1.017 6 1.084 6 1.008 6 1.008 6 1.008 6 1.001 6 1.001 6 1.001 6
2.4◦ −117.7◦ 122.5◦ 1.0◦ −119.0◦ 121.0◦ 0.1◦ −119.9◦ 120.1◦
19
1.024 6 1.017 6 1.084 6 1.008 6 1.008 6 1.008 6 1.001 6 1.001 6 1.001 6
2.4◦ −117.7◦ 122.5◦ 1.0◦ −119.0◦ 121.0◦ 0.1◦ −119.9◦ 120.1◦
20
1.024 6 1.017 6 1.084 6 1.008 6 1.008 6 1.008 6 1.001 6 1.001 6 1.001 6
2.4◦ −117.7◦ 122.5◦ 1.0◦ −119.0◦ 121.0◦ 0.1◦ −119.9◦ 120.1◦
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Figure 5.32: Steady-state voltages at the wind turbine
sient voltages at the wind turbine when the capacitor bank is switched on, when the
fault occurs, and when the capacitor bank is switched off, respectively.
The change of wind speed causes the variation of steady-state voltages at the
wind turbine between 12:00 am and 8:00 am, between 8:00 am and 10:00 pm, and
between 10:00 pm and 12:00 am as presented in Fig. 5.32. Phases A, B, and C
voltages at the wind turbine are flat at 1.0322, 1.0251, and 1.0266 pu between 11:00
am and 10:00 pm because the wind turbine produces rated power output. Phases A,
B, and C voltages rise from 1.0221, 1.0157, and 1.0169 to 1.0302, 1.0237, and 1.0251
pu at 8:00 am because the capacitor is turned on. However, the voltages drop from
1.0322, 1.0251, and 1.0266 to 1.0242, 1.0171, and 1.0184 pu at 10:00 pm because the
capacitor is turned off.
Fig. 5.33 illustrates the electromagnetic transient oscillation due to the ca-
pacitor being energized. The voltage magnitudes slightly rise after the capacitor is
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Figure 5.33: Transient voltages at the wind turbine when the capacitor bank is turned
on at 8:00 am
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Figure 5.34: Transient voltages at the wind turbine when the fault occurs at 2:00 pm
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Figure 5.35: Transient voltages at the wind turbine when the capacitor bank is turned
off at 10:00 pm
switched on.
Fig. 5.34 shows that Phase A voltage at the wind turbine drops to 0.05 pu
when the single-line-to-ground fault occurs on Phase A. However, Phases B and C
voltages at the wind turbine rise to 1.33 and 1.25 pu, respectively. After the fault is
cleared, the voltages return to their initial values.
Because the capacitor is not de-energized at the exact current zero-crossing,
small transients occur at the capacitor switching as illustrated in Fig. 5.35. The
voltage magnitudes slightly drop after the capacitor is switched off.
5.4.4 Simulation of a PV
Two case studies for a PV are simulated in this section: a quasi-steady-state
simulation of a PV and a multi-time-scale simulation of a PV.
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Table 5.17: Quasi-steady-state results of the PV simulation
Solar Real power Reactive power
irradiance produced by produced by
(pu) the PV (kW) the PV (kvar)
0 0 0
0.1 0.500 0.164
0.2 1.000 0.329
0.3 1.500 0.493
0.4 2.000 0.657
0.5 2.500 0.822
0.6 3.000 0.986
0.7 3.500 1.150
0.8 4.000 1.315
0.9 4.500 1.479
1.0 5.000 1.643
5.4.4.1 Quasi-Steady-State Simulation of a PV
This case considers a PV operating in the three-node test circuit in Fig. 5.2
in quasi-steady-state conditions. The capacitor bank in the test circuit is online. The
solar irradiance varies from 0 pu to 1 pu with an increment of 0.1 pu. The real and
reactive power produced by the PV are shown in Table 5.17. The voltages at the PV
and the high voltage side of the transformer are presented in Table 5.18.
As shown in Table 5.17, the generated real power is proportional to the solar
irradiance. The PV produces the rated power when the irradiance is 1 pu. Addition-
ally, the PV also produces reactive power according to the reactive power control.
Note that the power factor of the PV is controlled to 0.95. From Table 5.18, the
steady-state voltages are in an acceptable range (0.95-1.05 pu). Therefore, it can be
concluded that the system operates in stable conditions.
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Table 5.18: Node voltage results of the PV simulation
Voltage at the
Voltage at the high
Solar
PV Bus (pu)
voltage side of the
irradiance transformer (pu)
(pu) Phase Phase Phase Phase Phase Phase
A B C A B C
0
0.979 6 0.977 6 0.968 6 1.001 6 1.003 6 1.003 6
−0.3◦ 179.8◦ 89.6◦ −0.2◦ −120.1◦ 119.9◦
0.1
0.980 6 0.978 6 0.968 6 1.001 6 1.003 6 1.003 6
−0.2◦ 179.8◦ 89.6◦ −0.2◦ −120.1◦ 119.9◦
0.2
0.980 6 0.978 6 0.968 6 1.001 6 1.003 6 1.003 6
−0.2◦ 179.8◦ 89.6◦ −0.2◦ −120.1◦ 119.9◦
0.3
0.981 6 0.979 6 0.968 6 1.002 6 1.003 6 1.003 6
−0.2◦ 179.8◦ 89.6◦ −0.2◦ −120.1◦ 119.9◦
0.4
0.981 6 0.979 6 0.968 6 1.002 6 1.003 6 1.003 6
−0.2◦ 179.9◦ 89.6◦ −0.2◦ −120.1◦ 119.9◦
0.5
0.982 6 0.980 6 0.968 6 1.002 6 1.003 6 1.003 6
−0.2◦ 179.9◦ 89.6◦ −0.2◦ −120.1◦ 119.9◦
0.6
0.982 6 0.980 6 0.968 6 1.002 6 1.003 6 1.003 6
−0.2◦ 179.9◦ 89.6◦ −0.2◦ −120.1◦ 119.9◦
0.7
0.983 6 0.981 6 0.968 6 1.002 6 1.003 6 1.003 6
−0.2◦ 179.9◦ 89.6◦ −0.2◦ −120.1◦ 119.9◦
0.8
0.983 6 0.982 6 0.968 6 1.002 6 1.003 6 1.003 6
−0.2◦ 179.9◦ 89.6◦ −0.2◦ −120.1◦ 119.9◦
0.9
0.984 6 0.982 6 0.968 6 1.002 6 1.003 6 1.003 6
−0.2◦ 179.9◦ 89.6◦ −0.2◦ −120.1◦ 119.9◦
1.0
0.984 6 0.983 6 0.968 6 1.002 6 1.003 6 1.003 6
−0.2◦ 179.9◦ 89.6◦ −0.2◦ −120.1◦ 119.9◦
5.4.4.2 Multi-Time-Scale Simulation of a PV
This case considers a PV in quasi-steady-state, electromechanical transient,
and electromagnetic transient conditions. The simulation is performed for a 24-hour
period. During this simulation period, solar irradiance changes every one second.
The one-second resolution solar irradiance data obtained from EPRI [84] are shown
in Fig. 5.36. When the simulation starts at 12:00 am, the capacitor bank is in service.
The capacitor bank is switched off at 8:00 am and switched on again at 4:00 pm. A
temporary bolted single-line-to-ground fault occurs on Phase A of the high voltage
side of the transformer at 12:00 pm. The fault clears itself in 0.1 seconds. The steady-
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Figure 5.36: Solar irradiance for the multi-time-scale simulation
state voltages at the PV for a 24-hour period is presented in Fig. 5.37. The transient
voltages at the PV when the capacitor is switched off, when the fault occurs, and
when the capacitor is switched on are illustrated in Figs. 5.38-5.40, respectively.
The variation of the steady-state voltages at the PV between 6:00 am and 8:00
am, between 8:00 am and 4:00 pm, and between 4:00 pm and 6:00 am (Fig. 5.37) is
caused by the change of the solar irradiance. From 12:00 am to 6:00 am and from
6:00 pm to 12:00 am, the solar irradiance is zero, so Phases A, B, and C voltages at
the PV are flat at 0.9790, 0.9773, and 0.9681 pu, respectively. When the capacitor
is turned off, Phases A, B, and C voltages decrease from 0.9814, 0.9797, and 0.9681
to 0.9785, 0.9767, and 0.9651 pu. However, when the capacitor is turned on, the
voltages increase from 0.9774, 0.9756, and 0.9651 to 0.9805, 0.9787, and 0.9681 pu.
According to Fig. 5.38, after the capacitor bank is de-energized, the voltage
magnitudes slightly drop.
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Figure 5.37: Steady-state voltages at the PV
−0.01 0 0.01 0.02 0.03 0.04 0.05
−0.5
−0.4
−0.3
−0.2
−0.1
0
0.1
0.2
0.3
0.4
0.5
Time (s)
Vo
lta
ge
 a
t t
he
 P
V 
Bu
s 
(kV
)
 
 
Phase A
Phase B
Phase C
Figure 5.38: Transient voltages at the PV when the capacitor bank is turned off at
8:00 am
143
−0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Time (s)
Vo
lta
ge
 a
t t
he
 P
V 
Bu
s 
(pu
)
 
 
Phase A
Phase B
Phase C
Figure 5.39: Transient voltages at the PV when the fault occurs at 12:00 pm
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Figure 5.40: Transient voltages at the PV when the capacitor bank is turned on at
4:00 pm
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When the single-line-to-ground fault occurs on Phase A of the high voltage
side of the transformer, Phases A and B voltages at the PV suddenly drops to 0.26
pu as illustrated in Fig. 5.39. However, Phase C voltage at the PV slightly rises to
0.99 pu. The voltages return to their initial values after the fault is cleared.
After the capacitor bank is energized, the electromagnetic transient voltage
oscillation occurs as described in Fig. 5.40. The voltage oscillation disappears after a
few cycles. The voltage magnitudes slightly increase after the capacitor is turned on.
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Chapter 6
Conclusion
This research develops an integrated multi-time-scale simulation tool for distri-
bution circuits designed specifically for applications in wind turbine and PV analysis.
The proposed multi-time-scale simulation tool developed in MATLABTM consists of
steady-state, electromechanical transient, and electromagnetic transient models for
analyzing quasi-steady-state, electromechanical transient, and electromagnetic tran-
sient power system phenomena. The novel contribution of this proposed tool is the
ability to switch from one single-time scale model to another single-time scale model
when power system phenomena with different time scales occur. Therefore, this tool
is capable of performing a long-term simulation involving power system phenomena
spreading across time scales. Because the proposed tool employs models of distribu-
tion circuits with all three phases represented, the tool is able to analyze distribution
circuits operating in unbalanced conditions due to single-phase loads and single-phase
circuits in the systems.
The proposed multi-time-scale simulation tool includes voltage sources, lines,
transformers, loads, capacitor banks, FSWTs, WSWTs, DFIG wind turbines, full
converter wind turbines, and PVs. These circuit components can be classified into
two types. The first type is distribution network components (lines, transformers,
capacitor banks, and constant impedance loads). These equipment are represented
by a nodal admittance matrix. The second type is wind turbines and PVs. These
equipment are represented by voltage or current sources connected to a distribution
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Table 6.1: Summary of distribution network, wind turbine, and PV models
Model Electromagnetic Electromechanical Steady-state
Distribution network Complete Steady-state Steady-state
Aerodynamic Steady-state Steady-state Steady-state
Wind
Mechanical Constant speed Two-mass Steady-state
turbine
SCIG, WRIG Complete Reduced Steady-state
PMSG Complete Complete Steady-state
Converter Current source Current source Constant power
PV
PV array Steady-state Steady-state Steady-state
Inverter Current source Current source Constant power
network. The models of distribution networks, wind turbines, and PVs are summa-
rized in Table 6.1.
For distribution networks (feeders, transformers, capacitor banks, and con-
stant impedance loads), the electromagnetic transient models are the complete model
containing dynamics of inductors and capacitors in power systems. However, the elec-
tromechanical transient and steady-state models of distribution networks are identical
because distribution networks do not have any state variables related to electrome-
chanical transients.
Wind turbine models consist of four major components, i.e., aerodynamic,
mechanical, generator, and converter components. The models for the aerodynamic
system in electromagnetic transient, electromechanical transient, and steady-state
conditions are the same because the aerodynamic system does not have any state
variables. For the mechanical system, the electromagnetic transient models are sim-
ply constant speed model because the simulation time is very short, so the generator
speed does not change. The electromechanical transient models employ a two-mass
model. The steady-state models are models neglecting all dynamics by setting all
derivative terms to zero. The electromagnetic transient models of the wind gener-
ator (SCIG, WRIG, and PMSG) employ a complete model. The electromechanical
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transient models of the SCIG and WRIG employ a reduced order dynamic model
disregarding the transients in the stator. However, the models of the PMSG in elec-
tromechanical transient conditions are the same as the models in electromagnetic
transient conditions because the electromagnetic transient models do not include the
dynamics of the damper windings. The wind generator (SCIG, WRIG, and PMSG)
models in steady-state conditions are the models with all derivative terms neglected.
The converters of the wind turbines are represented by current sources for electro-
magnetic and electromechanical transient simulation. However, the converters of the
wind turbines are modeled by a constant power load model in a steady-state condi-
tion.
PV models consist of two components, i.e., PV array and inverter. The PV
array models for electromagnetic transient, electromechanical transient, and steady-
state simulations are identical because the model of PV arrays no dynamics. The
PV inverters are represented by current sources for electromagnetic and electrome-
chanical transient simulations. However, the PV inverters are modeled by a constant
power load model in a steady-state condition.
For a quasi-steady-state simulation, the wind turbine and PV models are con-
nected to the distribution network models by using the fixed-point iteration method.
The wind turbine and PV models obtain the terminal voltages from the distribution
network model and calculate the output currents. Then, the currents are passed to
the distribution network model to calculate new terminal voltages from the distri-
bution network equation. The calculation process is repeated until the wind turbine
and PV voltages and currents converge.
For an electromechanical transient simulation, the wind turbine and PV mod-
els consist of differential and algebraic equations. The differential equations are solved
by the Runge-Kutta method, the linear algebraic equations are combined with the
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nodal admittance equation of the distribution network, and the nonlinear algebraic
equations are solved by fixed-point iteration.
For an electromagnetic transient simulation, the differential equations of the
wind turbine and PV models are integrated via trapezoidal method and converted to
algebraic equations. The linear algebraic equations obtained from the integration are
combined with the nodal admittance equation of the distribution network, and the
nonlinear algebraic equations resulting from the integration are solved by fixed-point
iteration.
Currently, the proposed tool does not have the ability to detect the circuit
conditions and select which single-time-scale model to use in the multi-time-scale
simulation, when to use each single-time-scale model, and when to switch to another
single-time-scale model. Therefore, the single-time-scale models are pre-selected ac-
cording to the disturbances in the test circuit before the simulation starts. The sim-
ulation is performed by the steady-state model when quasi-steady-state disturbances
such as wind, solar, and load variations occur. The simulation switches to the elec-
tromechanical transient model when electromechanical transient disturbances such
as short-circuit faults occur. After the transient dies down and the circuit reaches
a steady-state condition, the simulation switches back to the steady-state model.
When electromagnetic transient disturbances such as capacitor switching and light-
ning strikes occur, the simulation switches to the electromagnetic transient model.
As soon as the simulation reaches a steady-state condition, the steady-state model is
employed again.
In order to smoothly switch between two single-time-scale models, the energy
stored in each storage element in both models must be the same, so the voltages,
currents, torques, and rotational speeds of every elements must be the same before
and after switching between the models. As a result, when the simulation switches
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between the steady-state model and the electromechanical or electromagnetic tran-
sient models, the electromechanical or electromagnetic transient models must rest in
a steady-state condition with no existing electromechanical or electromagnetic tran-
sient dynamics.
The test circuit used to demonstrate the multi-time-scale simulation is mod-
ified from the IEEE four-node test feeder. The simulations are performed for each
type of wind turbine and PV in MATLABTM. The simulation results show that the
proposed multi-time-scale simulation tool can be used to analyze long-term power
system phenomena spreading across time scales. The proposed tool is verified by
comparing the results with those obtained from single-time-scale models developed in
OpenDSSTM and PSCAD/EMTDCTM. Applications of the multi-time-scale simula-
tion tool in wind and solar power integration include analysis and control of voltage
regulation due to wind speed, solar irradiance, and load variation, determining the
maximum penetration of wind turbines and PVs, and determining the size of required
energy storage systems for peak load shaving and power variability control.
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